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Abstract 
Electronic devices in extreme and industrial environments often require specialized power supplies 
immune to a variety of environmental and electromagnetic interferences. Such requirements can be 
met with power supplies that use lasers as an energy source. The laser light can be transmitted to a 
powered electronic device either wirelessly through the air or preferably through electrically 
nonconductive optical fiber. In the latter case, such power supplies are commonly known as Power–
over–Fiber (PoF) systems.  
Energy in the form of monochromatic light must be transformed into electrical energy to power 
electronic devices. This energy transformation is achieved with photovoltaic (PV) devices optimized 
for conversion of monochromatic laser light called Laser Power Converters (LPC). Theoretically 
possible light-to-electricity conversion efficiency of LPCs is impaired by a variety of optical and 
electrical losses and light energy that is not converted into electrical energy results in energy loss, 
which in return reduces PoF systems efficiency. For high system efficiencies, LPCs must be made out 
of an appropriately selected high-quality III-V semiconductors and currently, the best manufactured 
LPCs exceed 60% conversion efficiency at strictly controlled laboratory conditions. Even thou such a 
figure is unheard of for the solar cells, an optimized PV converter illuminated with monochromatic 
light can theoretically convert more than 75% of impinged light to electricity, under the same 
conditions as the stated manufactured LPC. In this thesis, the reason for such a discrepancy between 
theoretical and practical conversion efficiency is studied in details and further, novel supporting 
electronics for LPCs in PoF systems are devised and analyzed in order to increase the system efficiency.    
After the introduction of the general field, theoretical conversion efficiencies are calculated and 
presented based on the fundamental operating principles proposed by Shockley and Queisser. 
Continuing with a focus on real-world laser power converters, possible semiconductor materials used 
to make LPCs are presented and reasons for the prevalence of GaAs as the most common LPC’s 
material are provided. The current generation of LPCs are classified into three groups and 
manufacturing and post processing procedures are examined for every concept separately. Further, a 
systematic analysis reveals an influence of various operating conditions (e.g. temperature, laser 
wavelength, the spatial distribution of light …) on the conversion efficiency of different concepts of 
LPCs. With such an analysis it was shown that the performance of the simplest single-segment 
single-junction GaAs LPC is the least influenced by the real-world operating conditions, but such LPCs 
exhibit too low output voltage at maximum power point VMPP (1 V) to directly power a current 
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generation of electronic devices. Additionally, this impairs the system efficiency since such a voltage 
level is too low for a high efficiency voltage upconversion and consequently a variety of high voltage 
LPC structures have been proposed and also manufactured. In this work, we focus on so-called multi–
segment single-junction (MS-SJ or MIM) GaAs LPCs, consisting of a multiple electrically separated 
photoactive segments monolithically connected in a series to achieve an elevated output voltage 
directly on a chip level.  
 
Methodological procedures to study the performance of laser power converters are carefully devised, 
evaluated and presented. Additionally, methodological steps employed for characterization of 
supporting electronics of Power-over-fiber systems are examined and explained. In both cases, 
methodological procedures cover both experimental and modeling/simulation techniques, extending 
from rudimentary to advanced characterization concepts that are applied to determine loss 
mechanisms impairing the performance of LPCs and PoF systems. Here, methods to extract the 
physical parameters of the basic building blocks of LPCs were presented and the importance of 
advanced characterization techniques (such as electroluminescence EL, laser beam induced current 
LBIC…) were discussed. Based on the experiments, basic and sophisticated computer models were 
developed and presented, to study the severity of individual loss mechanisms on the end performance 
of the LPCs and PoF systems. 
 
Using the formulated methodological steps, the major electrical loss mechanisms in MIM LPCs were 
first revealed and later their impact on the performance studied.  
As first discovered and reported in the scope of this work, the photo-induced conductivity of the 
semi-insulating GaAs substrate results in a leakage current flowing through the substrate between 
adjacent segments. This sole shunting loss mechanism presented in the high-quality GaAs MIM LPCs 
was experimentally confirmed with a variety of advanced characterization methods, including direct 
and indirect measurement of the substrate resistivity and the leakage current, phase of a laser beam 
induced current (LBIC), etc. It was shown that the reciprocal relationship between the substrate 
resistivity reduces the performance of GaAs MIM LPC equally for all irradiances of impinged 
monochromatic light. The analysis of recombination losses of MIM LPCs revealed that a high perimeter 
to area (P/A) ratio of a small area multi segment MIM LPCs result in pronounced perimeter 
recombination and as such, crystal edges present the most deteriorating recombination loss region. 
The P/A ratio increases with an increasing number of segments and consequently perimeter 
recombination are the most damaging for MIM LPCs with a large number of segments. Such a 
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recombination mechanism reduces the device MIM LPCs’ performance, especially for low irradiances 
where the efficiency is not yet limited by series resistive losses.  
Under high irradiance illumination a series resistance connected Joule heating determines the 
performance of MIM LPC. Results obtained with advanced experimental procedures revealed a 
correlation between the current density (rather than an absolute value of the current) and series 
resistance losses. Consequently, to increase the performance of MIM LPCs for a given power demand 
an irradiance connected current density must be decreased by increasing the size of MIM LPCs. Also, 
such a correlation implies that increasing the number of segments and consentingly decreasing the 
absolute value of the current cannot result in a performance boost. Further, with the developed 
distributed computer model, a relative contribution of an individual series resistance loss mechanism 
to overall series resistance losses revealed the most deteriorating one. Overall, for MIM LPCs 
incorporating a dense finger grid, the significance of Joule heating regions, was found to be in the 
following order: 
• base plus the lateral conduction layer – rLCL || BASE 
• window plus emitter layer – rWINDOW || EMITTER 
• the contact resistance between front metallization and semiconductor – rCONTACT 
• epitaxial layers for a vertical current flow through the active PV layers – rVERTICAL. 
Additional to the common electrical losses presented in all PV devices, spatial inhomogeneous of 
absorptivity or unequal illumination of segments results in an imbalance of the photogenerated 
current among segments, giving rise to current mismatch losses. LBIC spatial maps revealed 
homogeneous absorptivity, so current mismatch in studied GaAs MIM LPCs can be contributed solely 
to unequal illumination of the segments, possibly due to off-center illumination of the LPC. Such 
misalignments were studied with an experimentally validated model, for a radial MIM LPCs, 
illuminated with a radially symmetrical Gaussian beam. It was found that a current mismatch due to 
misalignment of the LPC and the beam is a severe problem and precise packaging of MIM LPCs into 
the receptacle of optical fibers must be achieved to realize good performance of PoF systems. 
 
With the analysis of supporting electronics for LPCs in PoF systems, it was found that a current 
generation of best in class DC/DC up-converters exhibit high peak conversion efficiency ηDC/DC. Even 
for low input voltages (≈1.1 V) produced by the simplest GaAs LPCs employing only single pn-junction, 
peak ηDC/DC > 85%, whereas for the two-segment GaAs LPC (≈2.2 V) peak ηDC/DC rises up to 95 %. In the 
case of a single-segment LPC, relatively high peak ηDC/DC is steeply reduced with an increasing demand 
for power. Consequently, for high power demands (⪆ 0.5-1 W) PoF system efficiency benefits from 
the use of multi-segment high voltage, low current LPCs.  
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Additionally, to mitigate the influence of a current mismatch on the performance of multi-segment 
LPCs, an active current balancing circuit was implemented and evaluated. It was found that 
theoretically all the available power can be extracted from all the segments while the benefits of 
high-voltage LPCs are maintained. In practice, parasitic losses induced by the developed unoptimized 
current balancing circuit limited the scope of usefulness of such an approach to relatively high photo 
induced currents (> 10 mA) and high current mismatches (> 15%). Nevertheless, since the major 
parasitic loss mechanisms of the developed current balancing circuit is not an inherent characteristic 
of an active current balancing approach, these parasitic losses could possibly be minimized or even 
entirely mitigated by further optimization of the current balancing circuit.  
 
Based on the findings obtained in the scope of this thesis, a roadmap was devised for a 
next-generation of a high efficiency multi-segment GaAs LPCs, mitigating currently presented losses. 
Crystal perimeters passivated with a chemical treatment would decrease perimeter recombination 
and consequently increase low irradiance performance. Series resistance losses would be majorly 
decreased by a thicker semiconductor lateral conduction layer. The induction of leakage current 
through a substrate could be mitigated by inclusion of absorptive or reflective films on isolation 
trenches or its flow between adjacent segments could be prevented by inclusion of blocking diodes in 
the epitaxial stack. This minor changes to the manufacturing and processing would result in 
multi-segment LPCs with an increased peak efficiency; from currently 52% to 57%. Since the problem 
of Joule heating the lateral conduction layer would still present considerable losses in improved 
devices, a novel concept of multi-segment LPC was proposed. A thin film inverted grown device with 
a metal lateral conduction layer and a reflective back mirror, using the same geometry as the current 
devices, would achieve efficiency over 60% for a broad range of irradiances, with the peak efficiency 
approaching 62 %. PoF systems employing such improved devices in combination with an active 
current balancing approach could enable an energy transmission using laser light to overcome one of 
many hindrances, keeping it for a long time in the state of an emerging technology, as discussed in the 
outlook of this thesis.  
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I. Razširjeni povzetek 
I.I. Uvod 
Napajanje elektronskih naprav v ekstremnih in industrijskih okoljih pogosto zahteva uporabo visoko 
zanesljivih električnih napajalnikov, imunih na raznovrstne okolijske in elektromagnete motenje. 
Zahtevane specifikacije takšnih napajalnikov je mogoče doseči z uporabo sistemov, ki za izvor energije 
uporabljajo svetlobo laserskih virov. Energija v obliki monokromatske svetlobe je na oddaljeno mesto 
vodena skozi električno neprevodni medij, s čimer je dosežena inherentna neobčutljivost takšnih 
napajalnih sistemov na vse vrste elektromagnetih motenj. Lasersko svetlobo vodimo bodisi 
brezkontaktno po zraku ali priporočljivejše po električno neprevodnem optičnem vlaknu. V slednjem 
govorimo o sistemih za prenos »moči po optičnem vlaknu« (ang. Power–over–Fiber systems, PoF). 
Monokromatsko svetlobo je za napajanje elektronskih naprav potrebno pretvoriti v enosmerno 
električno energijo, kar storimo s fotonapetostnimi pretvorniki optimiziranimi za pretvorbo 
monokromatske svetlobe laserskih virov – »pretvorniki laserske moči« (ang. Laser Power Converter, 
LPC). PoF sistem je zaključen s priključitvijo podpornega elektronskega vezja na izhod pretvornika 
laserske moči, ki poskrbi za prilagoditev napetostnega nivoja za zanesljivo napajanje elektronskih 
naprav. 
PoF sistemi napajanja elektronskih naprav so našli svoje mesto v ekstremnih in industrijskih okoljih 
zaradi lastnosti kot so: 
• imunost na elektromagnetne motnje (enosmerna in izmenična električna in magnetna polja, 
razelektritve ozračja, radiofrekvenčne motnje, …),  
• velika prebojna trdnost med izvorom energije in napajano napravo, 
• majhna teža vodnikov energije (optična vlakna), 
• pri poškodbi vodnikov energije ne prihaja do iskrenja, … 
Zaradi omenjenih lastnosti so bili PoF sistemi razviti in uporabljeni za napajanje: 
• senzorjev za merjenje parametrov visokonapetostnih daljnovodov, 
• elektronskih merilnikov pod vodno gladino, 
• elektronskih podsklopov naprav za magnetno resonanco, 
• brezpilotnih letal, 
• elektronskih implantatov v človeškem telesu,  
• kontrolnih podsistemov v satelitih,  
• nadzornih video kamer, 
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• merilnikov obratovalnih parametrov vetrnih turbin, … 
Kljub uspešni implementaciji PoF sistemov v nekaterih nišnih aplikacijah, je prenos energije z 
lasersko svetlobo še vedno razmeroma neznana tehnološka rešitev. Razlogov za to je veliko, verjetno 
pa je eden glavnih nizek izkoristek takšnega prenosa energije, ki se v praksi na sistemski ravni giblje 
nekje med 10 % in 30 %. Največ vložene energije se izgubi pri pretvorbi elektrike v svetlobo, pri čemer 
sodobne laserske diode dosegajo izkoristke med 40 % in 70 % ter nadalje pri pretvorbi laserske 
svetlobe nazaj v elektriko, pri čemer najboljši pretvorniki laserske moči dosegajo učinkovitost 
pretvorbe med 40 % in 60 %. V večini praktičnih aplikacij izgube pri prvotni pretvorbi energije iz 
elektrike v svetlobo s sistemskega vidika niso problematične, saj je laser postavljen na mestu, kjer je 
zagotovljena oskrba s potrebno električno energijo. Večje omejitve predstavljajo približno polovične 
izgube energije pri pretvorbi laserske svetlobe v električno energijo, preostanek energije pa je še 
dodatno zmanjšan za 10 % do 20 % zaradi izgub na podporni elektroniki. Tako v praksi izgube na 
sprejemni strani omejujejo največjo električno moč, ki jo lahko napajani napravi zanesljivo zagotovi en 
pretvornik laserske moči, na približno 1 W. 
Takšna omejitev največje dovedene moči ne predstavlja večjih problemov za napajanje 
nizkoenergijskih senzorjev, vendar omejuje doseg splošne uporabnosti PoF sistemov. V želji po 
razširitvi uporabnosti PoF sistemov se pričajoča doktorska naloga osredotoča na odkrivanje glavnih 
izgubnih mehanizmov v pretvornikih laserske moči in podporne elektronike. Rezultati sistematične 
analize in kvantitativnega ovrednotenja izgub so pripeljali do konceptualnih predlogov za izboljšanje 
sedanjih pretvornikov laserske moči. 
II.I. Pretvorniki laserske moči 
Pretvorniki laserske moči za pretvorbo svetlobne energije v električno energijo izkoriščajo 
fotonapetostni pojav v polprevodnikih. Tipična velikost pretvornikov laserskih moči je reda nekaj 
kvadratnih milimetrov, saj je proces izdelave teh drag, poleg tega pa je vršni izkoristek LPC-jev dosežen 
pri osvetlitvi z visoko intenziteto svetlobe in posledično ni potrebe po velikih svetlobno aktivnih 
površinah. Zaradi krožno simetrične oblike laserskega žarka izsevanega iz optičnega vlakna je tudi 
svetlobno aktivna površina LPC-jev običajno krožne oblike, saj neosvetljeni svetlobno aktivni deli 
fotonapetostnih naprav znižujejo njihov izkoristek. Za izdelavo visoko učinkovitih pretvornikov 
laserske moči se običajno uporablja direktne polprevodnike, narejene iz zlitin elementov tretje in pete 
skupine periodnega sistema, imenovane III–V polprevodniki. Najpogosteje uporabljen III-V 
polprevodnik za izdelavo LPC-jev je galijev arzenid (GaAs), sledijo pa mu drugi polprevodniški materiali 
kot so: GaSb, GaInAs, GaInP, Si, ... Širina energijske reže izbranega polprevodnika vpliva na izbiro 
valovne dolžine laserskega vira, saj je vršni izkoristek LPC-jev za različne materiale dosežen pri različnih 
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valovni dolžinah. Nadalje je izbira optičnega vlakna odvisna od valovne dolžine in moči laserskega vira, 
saj želimo imeti pri izbrani dolžini najmanjše izgube v optičnem vlaknu. S sistemskega vidika tako 
izbrani material za izdelavo pretvornika laserske moči vpliva na izbiro ostalih optičnih in 
optoelektronskih komponent, ki zagotavljajo visok izkoristek celotnega PoF sistema. 
Teoretični vrh učinkovitosti pretvorbe predstavlja omejitev in cilj realnih pretvornikov laserske 
moči. S stališča termodinamike je mogoče vršni izkoristek LPC-jev izračunati z metodo »detailed 
balance«, ki sta jo leta 1961 zasnovala William Shockley in Hans Joachim Queisser za računanje vršnega 
izkoristka teoretičnih fotonapetostnih struktur z različnimi širinami energijskih rež. Kljub temu, da 
danes najboljši GaAs LPC-ji v nadzorovanih laboratorijskih pogojih dosegajo izkoristke preko 60 %, je 
teoretični vršni izkoristek pri enakih pogojih delovanja preko 75 %. Velika diskrepanca med teoretično 
in praktično učinkovitostjo pretvorbe ponuja še veliko možnosti za izboljšave pretvornikov laserske 
moči in je bila posledično poglaviten predmet raziskav pričujoče disertacije. 
Sistemski izkoristek PoF sistemov je v realnosti še dodatno znižan zaradi relativno nizke izhodne 
napetosti najenostavnejših LPC-jev. Ti enosegmentni enospojni GaAs LPC-ji (ang. single-segment 
single-junction LPC) imajo napetost v točki največje moči UMPP približno 1 V. Ta napetost je prenizka za 
neposredno napajanje večine elektronskih naprav, zato potrebne napajalne napetosti elektronskih 
naprav (npr. 3.3 V, 5 V, 12 V) v PoF sistemih zagotovimo s podpornim elektronskim vezjem, ki pretvarja 
izhodno napetost LPC-ja v zahtevano napajalno napetost. Izkoristek elektronskega sklopa za 
prilagajanje napetosti je odvisen od razlike med vhodno in izhodno napetostjo in je največji, ko je ta 
razlika najmanjša. Posledično so bile zasnovane in izdelane različne napredne strukture LPC-jev, ki z 
monolitsko zaporedno vezavo pn-spojev zvišujejo izhodno napetost takšnih LPC-jev na nivoju čipa. 
Napredne visokonapetostne LPC-je v osnovi delimo na večsegmentne enospojne (ang. multi-segment 
single-junction LPC ali MIM LPC), pri katerih je LPC v ravnini površine z globokim jedkanjem razdeljen 
na več električno ločenih pn-segmentov, ki so z uporabo CMOS tehnologije monolitsko povezani v 
serijo. Drugi koncept naprednih visokonapetostnih LPC-jev posnema tehnologijo večspojnih sončnih 
celic, kjer je več pn-spojev vertikalno epitaksijsko nanesenih eden na drugemu, med seboj pa so 
ohmsko povezani s tunelskimi diodami; posledično govorimo o konceptu enosegmentih večspojnih 
LPC-jev (ang. single-segment multi-junction LPC). Za razliko od večspojnih sončnih celic so vsi spoji v 
večspojnih LPC-jih narejeni iz istega materiala, tokovno ujemanje med spoji pa je zagotovljeno z 
ustrezno debelino posameznega spoja, tako da je v vsakem spoju absorbirana proporcionalna količina 
vpadne svetlobe. Obema visokonapetostnima konceptoma LPC-jev je skupno, da lahko s številom 
zaporedno vezanih spojev oziroma segmentov prilagajamo izhodno napetost celotne strukture, ki je 
seštevek izhodne napetosti vseh segmentov ali spojev. Možnost prilagajanja izhodne napetosti LPC-
jev pa nam posledično omogoča izdelavo PoF sistemov z visokimi izkoristki. 
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I.II.I. Razvrstitev izgub v pretvornikih laserske moči in uporabljena metodologija 
V pričujoči doktorski disertaciji je glavnina vsebine namenjena večsegmentnim enospojnim GaAs 
pretvornikom laserske moči, s poudarkom na raziskovanju izgubnih mehanizmov v takšnih LPC-jih. 
Izvori teh izgubnih mehanizmov so bodisi optične ali električne narave.  
Optične izgube lahko sistematično razvrstimo v: 
• sevanje laserske svetlobe izven svetlobno aktivne površine (ang. Spillage losses), 
• senčenje svetlobno aktivne površine s kovinskimi zbiralkami in sprednjimi kontaktnimi prsti (ang. 
Shading losses), 
• odboj svetlobe od svetlobno aktivne površine zaradi razlike med lomnima količnikoma vpadnega 
medija in uporabljenega polprevodniškega materiala (ang. Reflection losses) in  
• svetlobno neaktivni del LPC-jev (ang. Non-active area losses). 
Prav tako lahko sistematično razvrstimo električne izgube v:  
• neujemanje fotogeneriranega toka med posameznimi segmenti/spoji v naprednih 
visokonapetostnih LPC-jih (ang. current mismatch losses in advanced LPC designs), 
• rekombinacije manjšinskih svetlobno generiranih nosilcev naboja (ang. Minority carrier 
recombination),  
• Joulovo segrevanje zaradi toka svetlobno generiranih nosilcev skozi sestavne dele LPC-ja s končno 
prevodnostjo – izgube na serijski upornosti (ang. Series resistance losses connected Joule heating) 
in 
• odtekanje koristnega toka svetlobno generiranih nosilcev mimo pn-spojev – izgube na paralelni 
upornosti (ang. Shunting losses). 
Zaradi uporabe monokromatske svetlobe je minimizacija optičnih izgub v pretvornikih laserske 
svetlobe močno olajšana napram sončnim celicam, ki so osvetljene s širokopasovno belo svetlobo. 
Zato je glavnina dela posvečena raziskovanju električnih izgub.  
 
V sklopu tega dela je bilo za namene preučevanja izgub v večsegmentnih GaAs LPC-jih zasnovanih 
mnogo metodoloških postopkov, segajoč od povsem enostavnih do naprednih rešitev. Metodologija 
zajema uporabo eksperimentalnih postopkov kot so: 
• merjenje tokovno-napetostnih karakteristik in zmogljivostnih parametrov LPC-jev v temi in 
osvetljenih z različnimi intenzitetami homogene monokromatske laserske svetlobe, 
• merjenje spektralnega in površinskega odziva izsevane svetlobe LPC-jev, vzbujenih z električnim 
tokom – elektroluminiscenca (ang. electroluminescence (EL)), 
• merjenje lokalne občutljivosti - absorpcije LPC-jev (ang. laser beam induced current (LBIC)), 
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• merjenje vpliva neenake osvetlile posameznih segmentov na kratkostični izhodni tok – tokovno 
neujemanje (ang. current mismatch), 
• merjenje plastne upornosti in specifične električne upornosti posameznih epitaksijskih plasti s 
»transmission line method TLM«, … 
Nekateri eksperimentalni rezultati so bili nadalje uporabljeni kot vhodni parametri za razvite 
računalniške modele, kot so: 
• ekvivalenten dvodiodni električni model LPC-ja z vključeno serijsko in paralelno upornostjo, 
• porazdeljen (ang. distributed) ekvivalentni dvodiodni električni model z vključenimi izmerjenimi 
specifičnimi in plastnimi upornostmi epitaksijskimi plasti, temnimi tokovi in površinskimi 
nehomogenostmi, ki dosledno posnema kompleksno geometrijo in električne lastnosti 
obravnavani večsegmentnih pretvornikov laserske moči in 
• model vpliva neenake osvetlile posameznih segmentov na izhodni kratkostični tok. 
Prav tako so bili vzpostavljeni mnogi metodološki postopki za preučevanje podporne elektronike v 
PoF sistemih, ponovno sloneč na eksperimentalnih postopkih in računalniških modelih. 
Razvite metode so nam omogočile raziskovanje vpliva posameznih izgubnih mehanizmov na 
učinkovitost pretvorbe večsegmentnih pretvornikov laserske moči in celotnega izkoristka PoF 
sistemov. Tako so bili raziskani: vpliv velikosti LPC-jev, gostote mreže sprednjih kontaktnih prstov, 
posameznih plastnih upornosti, intenzitete osvetlitve itd. S sistemskega vidika so bile raziskane 
prednosti uporabe večsegmentnih enospojnih LPCjev napram enosegmentnim enospojnim LPC-jem in 
možnost uporabe aktivnega balansiranja toka posameznih segmentov za minimizacijo vpliva 
tokovnega neujemanja v naprednih strukturah.  
I.II.II. Izgube v večsegmentnih pretvornikih laserske moči – glavne ugotovitve  
Izgube zaradi neujemanja svetlobno generiranega toka med posameznimi segmenti 
Zaradi zaporedne vezave posameznih segmentov večsegmentnih LPC-jev je v primeru tokovnega 
neujemanja skupni izhodni tok omejen s segmentom, ki generira najmanj toka. Do tokovnega 
neujemanja med segmenti pride bodisi zaradi površinsko nehomogene absorpcije svetlobe pri 
homogeno osvetljenem LPC-ju, ali pa je sama osvetlitev večsegmentne strukture LPC neenakomerna, 
kar privede do neenake osvetlitve posameznih segmentov in posledično omejitve toka najmanj 
osvetljenega segmenta. Z metodo LBIC je bilo ugotovljeno, da je absorpcija svetlobe po celotni površini 
obravnavanih večsegmentnih LPC-jev enakomerna in posledično je morebitno neujemanje toka 
pripisati neenaki osvetlitvi posameznih segmentov. V praksi najpogostejši razlog za neenako osvetlitev 
večsegmentnih LPC-jev v PoF sistemih je nenatančno pozicioniranje centra optičnega vlakna napram 
centru večsegmentnega LPC-ja zaradi proizvodnih toleranc pri vgradnji pretvornikov laserskih moči v 
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ohišja. V sklopu tega dela je bilo ugotovljeno, da je precizna poravnava centrov optičnega vlakna in 
LPC-ja zelo pomembna, saj odstopanja reda nekaj deset mikrometrov privedejo do več kot 10 % padca 
izhodne moči obravnavanih pretvornikov laserske moči zaradi nastalega tokovnega neujemanja.  
Uhajalni tok skozi semiizolativni substrat – izgube na paralelni upornosti 
Za zagotavljanje električne ločitve posameznih segmentov, ločenih z izolacijskimi režami (ang. isolation 
trenches), morajo biti svetlobno aktivne in podporne plasti nanešene na t. i. semiizolativni substrat 
(ang. semi-insulating substrate). Tekom raziskovanja izgub v večsegmentnih GaAs LPC-jih je bilo 
odkrito, da prvotno izredno visoka specifična upornost semiizolativnega GaAs substrata znatno upade, 
če je substrat osvetljen z uporabljeno monokromatsko svetlobo. Ker je električna ločitev segmentov v 
obravnavnih LPC-jih dosežena z globokim jedkanjem v substrat, je ta na mestih izolacijskih rež med 
uporabo LPC-ja osvetljen z vpadno svetlobo. To privede do svetlo vzbujene prevodnosti v substratu, ki 
posledično omogoči, da del svetlobno generiranega toka uide mimo pn-spojev skozi substrat med 
dvema sosednjima segmentoma. Ta svetlobno induciran uhajalni tok (ang. light induced leakage 
current) skozi subsrtrat se v tokovno-napetostni karakteristiki LPC-ja izraža kot paralelna upornost. 
Nadalje, zaradi recipročne zveze med intenziteto vpadne svetlobe in upornostjo substrata omenjeni 
pojav znižuje absolutno vrednost učinkovitosti pretvorbe, neodvisno od intenzitete vpadne svetlobe; 
lastnost, ki je neznačilna za paralelno upornost, saj se njen vpliv na izkoristek v splošnem manjša z 
večanjem intenzitete svetlobe.        
Rekombinacije manjšinskih svetlobno generiranih nosilcev naboja 
Zaradi majhne površine pretvornikov laserske moči in nadaljnje segmentacije te površine v 
večsegmentnih LPC-jih, je razmerje med obsegom in površino posameznega segmenta veliko (ang. 
perimeter to area ratio P/A). To privede do velikega števila rekombinacijskih centrov na robovih 
segmentov, kjer je kristalna struktura polprevodnika nenadoma prekinjena - t. i. bingljajoče vezi. Ker 
se P/A razmerje veča z večanjem števila segmentov in manjšanjem površine, so robne rekombinacije 
še posebej izrazite pri majhnih LPC-jih z velikim številom segmentov. Ta rekombinacijski mehanizem 
je glavni krivec za znižano učinkovitost pretvorbe pri nizkih intenzitetah osvetlitve obravnavanih 
pretvornikov laserske moči. Pri visokih jakostih osvetlitve se robni rekombinacijski centri zasitijo in 
rekombinacijski centri v notranjosti kristala postanejo dominantni vzrok rekombinacij manjšinskih 
fotogeneriranih nosilcev naboja. 
Joulovo segrevanje  – izgube na serijski upornosti  
Pri osvetlitvi pretvornikov laserske moči z visokimi intenzitetami svetlobe se generira veliko prostih 
nosilcev naboja, ki pri potovanju skozi različne plasti in sestavne dele s končno prevodnostjo 
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povzročajo Joulovo segrevanje. S stališča LPC-jev ta pretvorba kinetične energije nosilcev naboja v 
toploto predstavlja izgubo, ki se v tokovno-napetostni karakteristiki izraža kot serijska upornost. Ker 
je v visoko učinkovitih LPC-jih prisotnih mnogo plasti z različnimi specifičnimi upornostmi in različnimi 
geometrijami, je bil raziskan relativni doprinos posamične plasti k celotnim Joulovim izgubam. 
Ugotovljeno je bilo, da je izrazito dominantni dejavnik za serijske izgube v obravnavanih 
večsegmentnih LPC-jih lateralni tok skozi t. i. lateralno prevodni sloj (ang. lateral conduction layer LCL). 
Ta visoko dopiran, relativno debel in posledično dokaj prevoden sloj polprevodnika se nahaja na vrhu 
substrata in predstavlja glavno pot za tok svetlobno generiranih nosilcev naboja na spodnji strani 
pn-spoja. Zaradi uporabe semiizolativnega substrata mora namreč ves svetlobno generirani tok od 
enega zunanjega kontakta do drugega teči lateralno glede na pn-spoj, saj je spodnja površina 
obravnavanih LPC-jev električno izolirana od pn-spojev posameznih segmentov z visokoohmskim 
substratom. Posledično lahko v večsegmentih pretvornikih laserske moči, ki imajo na sprednji strani 
gosto mrežo kontaktnih prstov, razvrstimo regije za Joulove izgube v sledeči vrstni red: 
• baza pn-spoja in lateralni prevodni sloj – rLCL || BASE, 
• sprednje okno in emitor pn-spoja  – rWINDOW || EMITTER, 
• kontaktna upornost med kovino in polprevodnikom – rCONTACT  in 
• skupna upornost vseh polprevodniških slojev za vertikalni tok skozi strukturo – rVERTICAL. 
Nadalje je bila pokazana korelacija med Joulovimi izgubami in svetlobno inducirano tokovno gosto (ne 
z absolutno vrednostjo svetlobno induciranega toka). Posledično to pomeni, da moramo za dano 
zahtevano izhodno moč zmanjšati tokovno gostoto, v kolikor želimo visoko učinkovitost pretvorbe 
svetlobe v elektriko. To lahko storimo edino tako, da povečamo svetlobno aktivno površino, lasersko 
svetlo pa razpršimo na večjo površino in posledično zmanjšamo intenziteto osvetlitve in svetlobno 
generirano tokovno gostoto. 
I.II.III. Rezultati analize podporne elektronike za LPCje v PoF sistemih 
Analiza komercialno dostopnih visoko učinkovitih DC/DC pretvornikov napetosti, primernih za 
uporabo z GaAs pretvorniki laserske moči, je pokazala, da je pretvorba napetosti iz ≈1,1 V 
(enosegmentni enospojni GaAs LPC) na ≈3,3 V mogoča z velikim vršnim izkoristkom ηDC/DC > 85 %. Še 
večji vršni izkoristek napetostne pretvorbe ηDC/DC ≈ 95 % je dosegljiv z uporabo dvosegmentnih GaAs 
LPC-jev z izhodno napetostjo ≈2.2 V. Kljub relativno visokemu vršnemu izkoristku pri pretvorbi 
napetosti iz 1,1 V na 3,3 V, ta izkoristek izrazito pade pri večjih močeh bremena. Posledično je za visoko 
učinkovite sisteme PoF za potrebe večjih napajalnih moči (⪆ 0,5−1 W) priporočljiva uporaba naprednih 
visokonapetostnih pretvornikov laserske moči.  
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Vendar, kot opisano, so napredni visokonapetostni LPC-ji podvrženi dodatnim izgubam zaradi 
tokovnega neujemanja. Da bi ublažili ali idealno poponoma izničili vpliv tokovnega neujemanja, je bil 
zasnovan in izdelan sistem aktivnega balansiranja toka med posameznimi pn-spoji/segmenti, ki 
izkazujejo neujemanje svetlobno generiranega toka. Na podlagi računalniških simulacij je bilo 
ugotovljeno, da lahko s konceptom aktivnega balansiranja toka popolnoma izničimo izgube, ki se 
pojavijo zaradi tokovnega neujemanja. V praksi z izdelanim neoptimiziranim testnim vezjem za aktivno 
balansiranje toka popolne izničitve izgub ni bilo mogoče doseči zaradi dodatnih parazitnih izgub, ki jih 
je vnašalo samo vezje. Kljub temu je tudi praktično izdelano vezje v določenih obratovalnih pogojih 
občutno izboljšalo delovanje dvosegmentnega LPC-ja, kateremu je bilo vzbujano tokovno neujemanje 
toka med segmentoma. Glede na rezultate računalniških simulacij lahko sklepamo, da bi z nadaljnjo 
optimizacijo omenjenega vezja in posledično odpravo njegovih parazitnih izgub, lahko v večji meri 
izničili vpliv neujemanja toka na izkoristek naprednih visokonapetostnih pretvornikov laserske moči. 
I.II.IV. Izboljšave obstoječih večsegmentnih pretvornikov laserske moči 
Na podlagi opravljenih analiz izgubnih mehanizmov je bila zasnovana strategija za izboljšanje sedanjih 
večsegmentnih GaAs pretvornikov laserske moči. Z majhnimi posegi v trenutne procese izdelave je 
mogoče izboljšati vršni izkoristek obravnavanega šestsegmentnega GaAs LPC-ja s trenutnih 52 % na 
57 %. Za ta podvig bi bilo treba uporabiti nedavno odkrito kemično obdelavo GaAs za pasivacijo 
rekombinacijskih centrov na nenadno prekinjeni kristalni mreži. S tem bi zmanjšali robne 
rekombinacije, kar bi poleg povečanja vršne vrednosti izkoristka privedlo tudi do povečanja izkoristka 
obravnavnih LPC-jev pri majhnih intenzitetah osvetlitve. Za izboljšanje delovanja pri visokih 
intenzitetah osvetlitve pa bi bilo najbolj smotrno odebeliti lateralno prevodni sloj. Nadalje, z 
vključitvijo optično neprosojnih plasti na semiizolativni substrat na mestu izolacijskih rež, bi preprečili 
pojav svetlobno induciranega uhajalnega toka med segmenti. Tak poseg bi izboljšal delovanje 
obravnavanih pretvornikov laserske moči pri vseh intenzitetah osvetlitve. Podoben učinek bi dosegli 
tudi z vključitvijo zaporno polariziranih blokirnih diod med substrat in lateralno prevodni sloj, kar bi 
zaprlo električno prevodno pot svetlobno induciranemu toku med sosednjima segmentoma. Še 
občutnejše izboljšave večsegmentnih LPC-jev so mogoče samo z drastičnimi posegi v trenutne procese 
izdelave. Tako je bila predstavljena možnost izdelave tankoplastnih GaAs večsegmentnih LPC-jev v 
superstrat konfiguraciji, ki bi omogočila popolno pokovinjenje zadnjega dela večsegmentnih LPC-jev, 
kar bi omogočilo zamenjavo polprevodniškega lateralno prevodnega sloja z nizkoohmskim kovinskim. 
Dodatno bi takšna konfiguracija omogočila vključitev visokoodbojnega zadnjega zrcala, ki bi efektivno 
zmanjšal radiativne rekombinacijske izgube. Šestsegmentni LPC-ji izdelani na osnovi takšnega 
koncepta bi pri nespremenjeni geometriji izkazovali ≈62 % vršni izkoristek.  
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Tako bi PoF sistemi z uporabo novo zasnovanega pretvornika laserske moči v kombinaciji z aktivnim 
balansiranjem toka postali uporabni za mnogo širši nabor aplikacij kot trenutno uveljavljeni sistemi.  
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IV.I. Izvirni prispevki k znanosti: 
Ocenjujemo, da predložena doktorska disertacija vsebuje naslednje prispevke k znanosti:  
• Zasnova in izdelava sistema za merjenje profila izsevane svetlobe laserskih virov z uporabo 
projekcijskega zaslona in CMOS digitalne kamere, vključujoč kalibracijske postopke.   
• Podrobna analiza izgubnih mehanizmov večsegmentnih GaAs pretvornikov laserske moči pri 
različnih pogojih delovanja s pomočjo naprednih eksperimentalnih in simulacijskih metod in 
orodij.  
• Odkritje in ocena vpliva svetlobno induciranega uhajalnega toka skozi semiizolativni GaAs substrat 
v večsegmentnih GaAs pretvornikih laserske moči.  
• Zasnova, izdelava in vrednotenje aktivnega balansiranja toka za odpravo izgub povezanih z 
neujemanjem svetlobno generiranega toka v posameznih segmentih večsegmentnih pretvornikov 
laserske moči. 
• Zasnova strategije za izpopolnitev obstoječih večsegmentnih GaAs pretvornikov laserske moči z 
izboljšavami, ki bodo zmanjšale vpliv trenutno prisotnih izgubnih mehanizmov. Nadalje, 
konceptualna zasnova nove generacije tankoplastnih večsegmentnih pretvornikov laserske moči 
na osnovi superstrat konfiguracije, ki omogoča pokovinjenje zadnje strani takšnih naprav, v izogib 
izgubam zaradi toka skozi polprevodniško lateralno prevodno plast. 
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1. Introduction 
1.1 General introduction to the field 
Electromagnetic radiation emitted from an artificial light sources provides an uncommon but feasable 
way to transmit electrical energy over a distance to deliver required power to electrical or electronic 
devices [1–4]. The basic idea behind such a concept is to convert electricity from a conventional 
electrical power source to the light portion of an electromagnetic spectrum and back to electricity. 
Radiated light is guided to a remote location, where it is converted back to usable electricity with 
specialized photovoltaic devices, commonly called laser power converters (LPCs). On the contrary to 
a conventional transmission of electrical energy, employing electrically conductive wires or cables as 
a transmission medium, the described approach relies on a property of light waves that can propagate 
and carry energy through an electrically unconducive but optically translucent media, such as glass, 
plastic, air or even vacuum. 
The idea of energy transmission using light emitted from man-made light sources is not new, with 
the first practical researches published in the late 1970s [5,6] and early 1980s [7]. Since then, a 
scientific interest in such an idea sporadically arisen many times as seen in Figure 1.1, showing a 
number of published journal articles on the topic per year [8]. In 1994 and 1995 [9,10] only two 
conferences on the topic were organized, which gave rise to the most prominent peak in publications 
seen for the year 1995. In the early 2000s, a steady increase in published publications corresponds to 
a broader spread of optical networks. Nevertheless, accumulative number of original journal articles 
on the topic in few hundredths (391 as of 2016 [8]) shows low interest and activity of the field, 
compared to similar topics such as solar cells (19063 publications as of 2008[11]) and fuel cells (15600 
publications as of 2005 [12]). Since such a concept of energy transmission is still an emerging field, the 
used terminology is not unified among the community. As a result, the very same idea is named as: 
Power-over-fiber, laser power beaming, optical power transmission, optical powering, photonic 
power, Power-by-light…  
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Figure 1.1: Number of published original scientific articles per year on the topic of an electrical energy 
transmission using the light of artificial light sources. Data up to mid-2016. For more detailed bibliometric analysis 
see [8]. Adapted from [8]. 
Despite the variety of terms describing the same concept, fundamental building blocks of energy 
transmission with artificial light are the same (Figure 1.2). The most commonly used light sources are 
lasers (more specifically semiconductor laser diodes), emitting a coherent beam of monochromatic 
light. More generally, all artificial light sources emitting majority of photons with energies above the 
bandgap of used LPC’s material can be used. Still, monochromatic light sources (e.g. lasers, LEDs, 
OLEDs, superluminescent diodes, …) are preferred since they exhibit higher electrical-to-optical 
conversion efficiency and additionally photovoltaic LPCs exhibit higher optical-to-electrical conversion 
efficiency when illuminated with monochromatic light. Whenever technologically feasible, radiated 
light of a used light source is guided through an optically translucent light guide – typically a flexible 
multi-mode optical fiber – since such systems offers well-confined guidance of light to the remote 
locations. In such cases, we talk about Power-over-Fiber (PoF) systems. At the receiving end, energy 
in the form of monochromatic light is transformed into electrical energy, with photovoltaic devices 
optimized for conversion of monochromatic laser light sources - Laser Power Converters. These highly 
specialized optoelectronic devices (also known as photonic power converters PPC [13–15], 
photogenerators [16], phototransducers [17,18], …) transform light to direct current (DC) electrical 
power, that is further regulated by supporting electronics in order to provide a stable power source 
for a load.  
Only unique and specialized components of such systems are LPCs, whereas all the rest are general 
purpose optical, electronic and optoelectronic elements. The most commonly used material for 
manufacturing of LPCs is gallium arsenide GaAs [19,20], which exhibit the highest conversion efficiency 
when illuminated with monochromatic light with a wavelength in the region between 800 to 850 nm 
[21]. Consequently, the most commonly used lasers in PoF systems emit light at 808/810 nm or 830 
nm [19,20,22].  
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An overall PoF system efficiency can be easily calculated by multiplying the efficiencies of used 
components. Assuming the most common combination, using 808 nm diode laser and GaAs LPC, 
expected system electrical-light-electrical conversion efficiency (ηSYSTEM) is somewhere between 10% 
and 30%, which corresponds to reported system conversion efficiencies [23–25].  Breaking the system 
efficiency down to individual components levels revels: 
• that laser’s electrical-to-optical conversion efficiency (ηLASER) is somewhere between 40% to 70% 
[26–28],  
• expected transmission efficiency  (ηTRANSSMISION)  (e.g. coupling efficiency, fiber attenuation losses…) 
roughly 80-95% [1,20,25] 
• GaAs LPCs optical-to-electrical conversion efficiency (ηLPC) between 40% and 60% [29–31] and  
• supporting electronics efficiency (ηSUP. EL.)  between 80-95%.  
 
 
Figure 1.2: Key components of an energy transmission system with light emitted from artificial light sources. In 
this figure, the laser is used as a light source and optical fiber act as a transmission medium resulting in a so-called 
Power-over-Fiber (PoF) system. Red text in the bottom shows expected efficiencies of every component 
separately and expected overall system efficiency, assuming 808 nm laser light and GaAs LPC. 
Despite relatively low system efficiency, energy propagation of artificial light through 
nonconductive media offers several inherent benefits over conventional energy transmission using 
electrically conductive media, such as [23,32–35]: 
• immunity to electromagnetic interferences (e.g. static and alternating electric and magnetic fields, 
electrostatic discharges, radio-frequency interferences, …),  
• high breakdown voltage between power supply and load, 
• a low weight of optical fibers compared to copper wires, 
• lightning protection, 
• unique direct DC to DC ripple free voltage level conversion, 
• no sparking occurs when the transmission medium is broken, … 
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Consequently, such systems were developed and utilized as power supplies for various electronic 
devices such as: 
• sensors for measuring parameters of high voltage power transmission lines [36,37], 
• submarine measurement systems [38–40], 
• electronic subsections of magnetic resonance imaging (MRI) devices [41], 
• unmanned aerial vehicle (UAV) [42,43], 
• electronic implants in humans [44,45],  
• control subsections of satellites [20],  
• surveillance cameras [22], 
• energy delivery opto-couplers [23],  
• fishing camera system [46], 
• measurement systems on rotor blades wind turbines [47], … 
Despite the relatively long history of the field and successful deployment of PoF systems in a variety 
of practical applications, a relative scarcity of past research left enough challenges for further 
improvements of laser power converters and complete PoF systems. In this work, the focus was put 
on finding reasons for a discrepancy between theoretical and practical conversion efficiencies of LPCs, 
arguably the most important and the most specialized component of PoF systems.  
1.2 Motivation  
In last decades a rapid development and widespread of optical fiber networks, coupled with 
advancements in the epitaxial growth of high-quality semiconductor crystals, caused a renewed 
interest in LPCs and energy transmission through optical fibers. Ideally, optical fibers used as 
communication channels between remote nodes in the fiber network, would also serve as an energy-
carrying medium to the remote electronics; be it a simple sensor or complicated telecommunication 
equipment. While there are no technological and arguably no economic barriers to supply energy over 
optical fibers to low power loads in remote locations, energy transmission over optical fiber does not 
seem to be economically viable for power demands ⪆ 1 W, due to an increased technological 
complexity. The major problem here is the decrease of LPC’s optical-to-electrical conversion efficiency 
(ηLPC) with an increasing load power demand. In practice, such a behavior limits the generated output 
power of a single commercially available high-quality LPC to roughly 1 W. Higher power levels are still 
achievable by a parallel connection of a multiple LPCs or application specific custom designs, yet this 
quickly leads to prohibitively expensive solutions.   
The decrease of ηLPC with an increasing load power is especially pronounced for a class of LPCs that 
features a lateral segmentation of pn-junctions electrically connected in series, called multi-segment 
 1. Introduction |5 
   
 
or MIM (monolithically integrated module) LPCs [29,48–50]. Such MIM LPCs are easily manufacturable 
employing standard CMOS processes, as used in the fabrication of integrated circuits, with the aim to 
increase the generated output voltage directly on the LPC chip level. Increased output voltage in 
return eases the system design and additionally results in increased system efficiency.  
Despite the relatively long history of MIM LPCs, systematic researches on the topic are scares and 
the loss mechanisms impairing MIM LPCs efficiency, especially for large load powers, have not been 
well examined. Maybe even more importantly, the majority of the work on such devices was done 
quite some time ago, without the benefits of recent advancements in computers, simulation tools, 
measurement and manufacturing equipment and novel concepts of photovoltaic devices. 
Consequently, in this work benefits of the recent advancements were thoroughly utilized to study the 
behavior of currently available MIM LPCs and based on the findings, a roadmap for the 
next-generation of high efficiency multi-segment LPCs was devised. Furthermore, advanced concepts 
for the supporting electronics of PoF systems were designed and evaluated to optimize the systems. 
With the findings of this work, energy transmission with laser light through optical fibers can become 
economically viable for a broader range of electronic equipment power supply needs. Hopefully, with 
the recent advancements, the field of energy transmission with laser light will finally lose its status of 
emerging technology and become an active and perpetual research topic and a widely deployed 
engineering solution.      
1.3 Outline of the thesis 
This doctoral dissertation is structured as follows: 
• Chapter 1 introduce the general topic of the field and motivates the work. 
• Chapter 2 discusses photovoltaic laser power converters (LPCs) in details. In the begging of the 
chapter, presented fundamental operating principles and theoretical conversion efficiencies 
reveal a lot of room for improvement of the current generation LPCs. Figures of merit provide a 
way for a quantification of the LPCs’ performance, influenced by a variety of presented and 
classified electrical and optical loss mechanisms. The chapter continues with a focus on real-world 
laser power converters, grouped into three different concepts from a cross-sectional point of 
view. After an overview of possible semiconductor materials used to make LPCs, manufacturing 
and post processing procedures are explained for every presented LPC concept separately. Before 
the chapter concludes, a systematic comparison of three different classes of LPCs among each 
other reveals an influence of various operating conditions (e.g. temperature, laser wavelength, 
the spatial distribution of light, …). 
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• Chapter 3 presents and discusses the methodological procedures applied to study the 
performance of laser power converters, with a focus on the multi-segment (MIM) GaAs LPCs. 
Additionally, a methodology used to characterize supporting electronics of Power-over-Fiber 
systems is examined and explained. Procedures presented in this chapter cover both experimental 
and modeling/simulation techniques, extending from rudimentary to advanced characterization 
concepts that are applied to determine loss mechanisms impairing the performance of LPCs and 
PoF systems. 
• Chapter 4 is devoted to previously unpublished results obtained with the procedures presented 
in Chapter 3. First, electrical loss mechanisms presented in the multi-segment LPCs are divided 
into the recombination, shunting, series resistance and current mismatch loss components. Later, 
every loss mechanism is studied separately and its influence on a MIM LPC performance is 
discussed in details. In the second part of the chapter, supporting electronics for LPCs in PoF 
systems are evaluated. First, the evaluation of the best in class, commercially available, DC/DC 
upconverters is presented and before the chapter conclusions are discussed, an active current 
balancing approach, mitigating current mismatch losses is proposed, demonstrated and 
evaluated. 
• Chapter 5 tries to answer why the energy transmission using light from artificial light sources is 
still widely unknown technology, despite its relatively long history. A holistic approach to the topic, 
including a commercial availability, a price estimation, inherent risks, reveals obstacles that 
prevent the widespread of the power transmission with the light. 
 
During the work on this thesis, a substantial amount of the results and findings were published in 
peer-reviewed journals and the proceedings of the international conferences. Previously published 
results are consequently not repeated in the main body of the thesis but are placed in appendices as 
reprints of the original manuscripts. Nevertheless, a reader is always referred to the appropriate 
appendix where necessary with the content as follows: 
• Appendix A: Comparison of measured performance and theoretical limits of GaAs laser power 
converters under monochromatic light (Rok Kimovec and Marko Topič, Published in: FACTA 
UNIVERSITATIS Series: Electronics and Energetics, Vol. 30, No°1, March 2017, pp. 93 – 106 DOI: 
10.2298/FUEE1701093K). 
• Appendix B: Power loss mechanisms in small area monolithic-interconnected photovoltaic 
modules (Rok Kimovec, Henning Helmers, Andreas W. Bett, Marko Topič, Published in: Opto-
Electronics Review, Vol. 26, N°2, May 2018, pp. 158-164, DOI: 10.1016/j.opelre.2018.04.002). 
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• Appendix C: Multi-Segment Photovoltaic Laser Power Converters and Their Electrical Losses 
(Rok Kimovec, Henning Helmers, Andreas W. Bett, Marko Topič, Published in: Proceedings of 33rd 
European Photovoltaic Solar Energy Conference and Exhibition, EU-PVSEC, Amsterdam, 
Netherlands, September 2017, pp. 5-10, DOI: 10.4229/EUPVSEC20172017-1AO.1.3). 
• Appendix D: Comprehensive Electrical Loss Analysis of Monolithic Interconnected 
Multi-Segment Laser Power Converters (Rok Kimovec, Henning Helmers, Andreas W. Bett, Marko 
Topič, Published in: Progress in Photovoltaics: Research and Applications, pp. 1-11, DOI: 
10.1002/pip.3075) 
• Appendix E: On the Influence of the Photo–induced Leakage Current in Monolithically 
Interconnected Modules (Rok Kimovec, Henning Helmers, Andreas W. Bett, Marko Topič, 
Published in: IEEE Journal of Photovoltaics, Volume: 8, Issue: 2, March 2018, pp. 541 – 546, DOI: 
10.1109/JPHOTOV.2017.2783844) 
• Appendix F: Temperature and Injection Current dependent Electroluminescence for Evaluation 
of Single-Junction Single-Segment GaAs Laser Power Converter (Rok Kimovec and Marko Topič, 
Published in: Informacije MIDEM - Journal of Microelectronics, Electronic Components and 
Materials, Vol. 46, N°3, September 2016, pp. 142-148, Link: http://www.midem-
drustvo.si/Journal%20papers/MIDEM_46(2016)3p142.pdf) 
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2. Laser power converters  
This chapter discusses photovoltaic laser power converters (LPCs) in details. Working principles of LPC 
devices are presented, theoretical conversion efficiencies calculated and current-voltage 
characteristics modeled. The best performing manufactured LPCs are assessed in the light of 
established efficiency limits. Follows a definition of performance parameters and overview of loss 
mechanisms and their influence on the idealized current-voltage behaviors. Later, the focus is put on 
real-world LPCs, where materials and methods of fabrications for three different prevailing concepts 
of LCPs are discussed. This chapter concludes with pros-and-cons of the individual concept in the light 
of real operating conditions of PoF systems. 
2.1 General introduction   
Laser power converters (LPCs) are optoelectronic devices utilized for conversion of energy in the form 
of monochromatic light to electrical energy. In this work discussion on the working principles of the 
LPCs is limited to the quantum phenomenon of the light-matter interaction and underlying 
photovoltaic (PV) effect of the semiconductors. More generally, LPCs can also exploit wave nature of 
the light, with so-called optical rectennas [51], but such devices are out of the scope of the dissertation 
and are only briefly discussed in the outlook this thesis.  
The photovoltaic effect is a long known phenomenon, where absorption of photons with an energy 
above a material dependent threshold energy, causes excitation of charge carriers in the material. 
This effect is nowadays most commonly exploited in semiconductor solar cells, where photons of 
impinged solar light break covalent bonds that connect valence electrons to the lattice structure of 
semiconductor atoms. The breakage of the bonds results in free electrons and unoccupied vacancies 
– holes in the crystal structure that behave like positively charged particles. Thus, an absorption of a 
photon in a semiconductor cause generation of an electron-hole (e-h) pair, that if separated can 
contribute to a current flow in the external circuit and in such manner conversion of energy from light 
to electricity can be achieved.  
The separation of generated e-h pairs is mandatory for operation of PV devices; otherwise excited 
electrons will go to energetically preferable state by reoccupying holes in the process called 
recombination. To effectively separate the generated e-h pairs, some form of a directional barrier 
must be implemented, which permits only unidirectional flow of a particular charge carrier. In 
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semiconductors, such a barrier is easily and commonly achieved with a pn-junction; produced by 
joining two differently doped pieces of the same base material together. This process results in two 
distinct regions in the end device, one with an abundance of free electrons (n-doped) and other with 
an abundance of holes (p-doped). In between those two regions, so-called space charge or depletion 
region acts as a semipermeable membrane, separating photogenerated electrons and holes. Besides 
providing a directional barrier, formation of the pn-junction inherently provides an electric field that 
increases the probability of separation of e-h pairs. 
Photons can generate e-h pairs only if their energy is higher than material dependent 
threshold - bandgap. In photovoltaic devices illuminated with a broadband white light, this is the cause 
of the most significant loss mechanism called spectral losses. Firstly, the material is transparent to 
photons with energies lower than the material’s bandgap, which leads to the transmission losses. 
Secondly, the generation of e-h pairs with photons that carry higher energies than material’s bandgap 
will result in thermalization losses. In this process excess energy (i.e. the difference between the 
photon and bandgap energy) will be transformed to heat. For single material photovoltaic devices 
illuminated with a broadband solar light, spectrum losses are inevitable. On the contrary, 
monochromatic illumination of the photovoltaic devices, such as is the case with laser power 
converters in PoF systems, enables us to precisely match energy of the incident photons to the 
bandgap energy [21], so both thermalization and transmission losses are minimized and consequently 
light energy is very efficiently transformed into electricity. 
2.2 The theoretical conversion efficiency of LPC 
The simplified description of a quantum light-matter interaction in photovoltaics is the basis for a 
calculation of the theoretical thermodynamic light-to-electricity conversion efficiency limits. For the 
broadband blackbody illumination this calculation was first performed in 1961 by William Shockley 
and Hans J. Queisser [52] and until today this fundamental detailed balance efficiency limit of solar 
cells is, in homage to the authors, called Shockley-Queisser (SQ) limit. Peak efficiency limit for single 
material solar cell with a bandgap Eg=1.34 eV (corresponding wavelength λ = h·c/Eg ≈ 925 nm; h  
Planck constant, c  speed of light) is limited to 33.8% under standard test conditions (AM 1.5G, T = 25 
°C, G = 0.1 W/cm2) [53]. As seen in Figure 2.1, the monochromatic illumination of the photovoltaic 
devices allows for much higher theoretical conversion efficiency ηSQ, compared to a broadband 
illumination. In Figure 2.1, SQ limit is presented as a function of central wavelength λ0 of 
monochromatic illumination with a full width at half maximum FWHM = 5 nm and G = 0.1 W/cm2 for 
four different materials; namely Ga0.5In0.5P, GaAs, Si and Ga0.47In0.53As, with their respective bandgaps 
1.91, 1.42, 1.12 and 0.74 eV. At first, ηSQ is increasing monotonously with increasing wavelength, due 
 2. Laser power converters |10 
   
 
to decreasing thermalization losses, but once the energy of the photons (E=h·c/λ) is lower than Eg, the 
material becomes transparent to the impinged light and ηSQ rapidly drops to zero. For details about 
the influence of various parameters such as central wavelength λ0, irradiance G etc. on the ηSQ of PV 
device illuminated with a monochromatic light see [54], which can also be found in the appendix A of 
this work. 
 
 
 
Figure 2.1: Full lines present Shockley-Queisser conversion efficiency limits ηSQ for PV devices under 
monochromatic illumination (FWHM = 5 nm, G = 0.1 W/cm2) as a function of central wavelength λ0 of an 
illumination source for four different materials. The dashed line presents ηSQ for a hypothetical semiconductor 
material with a bandgap corresponding to Eg = h·c/λ0 using broadband solar illumination under standard test 
conditions. 
 
Theoretical ηSQ of photovoltaic devices under monochromatic illumination approaches arbitrarily 
close to the unity at very high irradiances [54,55]. That said, in practice, variety of loss mechanisms 
severely influence performance of manufactured devices as seen in Figure 2.2, comparing ηSQ of GaAs 
LPC (ηSQ ≈ 78% at G = 10 W/cm2 and λ0 = 808 nm) and some of the best LPCs manufactured up to date 
LPC with the current record being η ≈ 67% at G ≈ 10 W/cm2 and λ0 = 860 nm [31]. Detail classification 
and quantization of such losses, together with methods of their qualification that results in such a 
discrepancy between practical and theoretical devices are the principal targets of this thesis and as 
such discussed in details in the following chapters of this work.  
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Figure 2.2: Comparison of theoretical conversion efficiency limit ηSQ for GaAs LPC (line) and conversion efficiency 
η of the best LPCs manufactured up to date. 
2.3 Figures of merit for quantization of LPC performance 
The performance of laser power converters is quantified with the same figures of merit as used to 
quantitatively describe the performance of the photovoltaic solar cells.  
The ratio of the light power impinging on the LPC (Pin) and extracted electrical power (Pout) 
determines the conversion efficiency η.  
 
 
Eq. 2.1 
The voltage generated by the LPC under illumination, without a load connected to the external 
terminals, is called open circuit voltage Voc and it is the maximum voltage the LPC can deliver.  
 
 
 
Eq. 2.2 
 
As seen from  
Eq. 2.2 (where k is Boltzmann constant, T temperature and q elementary charge), Voc is influenced 
by photo-generated current Iph and dark saturation current I0; current produced by unilluminated LPC 
by thermally generated e-h pairs.  
When the external terminals are electrically shorted, the current flowing out of the LPC is called 
short-circuit current Isc. It can be formulated as a number of e-h pairs generated by impinged light (Ge-
h) multiplied by q (presenting photogenerated current Iph) from which the number of recombined e-h 
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pairs (Re-h) multiplied by q is subtracted. Since the value of Ge-h if usually much larger than the value of 
Re-h, such an expression can be simplified (Iph≈Isc) as:  
  
Eq. 2.3 
The total light power is usually distributed through the whole area of the device (defining impinged 
irradiance G [W/cm2]) and consequently, the generation of e-h pairs and connected Isc depends on the 
device area. Therefore, to compare current produced by different sizes of LPCs among each other, 
short circuit current density Jsc [A/cm2] = Isc/area is a preferred figure of merit. Similarly, dark current 
density J0 decouples I0 from areal dependence. 
In between Isc and Voc, current-voltage (I-V) dependence of LPC is governed by the device physics 
and is in the most basic form manifested as:  
  
 
Eq. 2.4 
Somewhere on this curve exists maximum power point (Pmpp) where the product of voltage and 
corresponding current peaks and under such conditions cell operate at current and voltage at 
maximum power point (Impp, Vmpp) and here, also the conversion efficiency is maximized ηmpp=Pmpp/Pin.   
Maximum power point further defines the so-called fill factor, commonly expressed as:  
 
 
Eq. 2.5 
Ultimately, ηmpp can be rewritten with introduced parameters as:  
 
 
Eq. 2.6 
 
Figure 2.3: Current-Voltage (I-V full green line) and Power-Voltage (P-V blue dashed line) behavior of photovoltaic 
laser power converters with marked figures of merit.  
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2.4 Loss mechanisms and their influence on the performance of LPCs 
The performance of presented simplified behavior of LPCs can be impaired by a variety of parasitic 
loss mechanisms presented in real-world devices [54]. Voc will be decreased by increased 
recombinations at various imperfections and impurities in crystalline structure, Isc by incomplete 
coupling of impinged light into absorber material and Impp, Vmpp and consequently FF, by parasitic 
ohmic losses. In this section, real-world losses occurring in LPCs are summarized and their influence 
on LPCs’ performance outlined, while additional detailed analysis is provided in Refs. [56–59] attached 
in appendices of this work.  
As with other photovoltaic devices, losses in LPCs are divided into optical (Loptical) and electrical 
components (Lelectrical) and power Pout can be expressed as:  
  
Eq. 2.7 
Still, further optical losses (Loptical) can be divided into:  
• Spillage (Lspillage), 
• Shading (Lshading), 
• Reflection (Lreflection) and 
• Non-active area (Lareal) losses 
Similarly, electrical losses (Lelectrical) consist of: 
• Minority carrier recombination (Lrecombination) 
• Series resistance losses connected Joule heating (LJoule), 
• Shunting losses (Lshunt) and 
• Additionally, current mismatch losses in advanced LPC designs (Lmismatch) 
2.4.1 Optical losses  
Optical losses result in non-unity coupling of impinging laser light into the LPC and therefore will 
directly impact maximum achievable Isc. Spillage losses are connected to PoF system design and not 
directly to LPCs but are included here for completeness. They arise if some of the light miss the 
designated area [60] of the LPC. Shading losses represent a fraction of the light that is reflected from 
the front metallization and similarly reflection losses correspond to the light reflected from the active 
area. Here, reflection losses emerge, due to a difference in refractive indices n between the air and 
used semiconductor. While there are well-established techniques to mitigate reflection losses, such 
as thin films anti-reflection coatings and texturing of the surface, complete reduction of broadband 
light reflection from an active area is not achievable [61]. On contrary, the well-defined wavelength 
of monochromatic light sources used to illuminate LPC offers us to eliminate reflections, even with a 
𝑷𝐨𝐮𝐭 = 𝑷𝐢𝐧(𝟏𝟎𝟎% − 𝑳𝐨𝐩𝐭𝐢𝐜𝐚𝐥 − 𝑳𝐞𝐥𝐞𝐜𝐭𝐫𝐢𝐜𝐚𝐥) 
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simple single layer anti-reflection coating [54]. Additionally, if there are non-photo active features in 
the LPC design that are illuminated (such as isolation trenches discussed below) so-called areal losses 
occur.  
2.4.2 Electrical losses  
Even if all the available light is coupled into LPC and converted into electricity, electrical losses will 
result in a significant discrepancy between theoretical and practical conversion efficiency. 
Unavoidable temperature induced radiative recombinations presented in the calculation of ηSQ, are 
elevated by semiconductor crystal defects and impurities, resulting in increased I0. Finite conductivity 
of the various LPC features results in a Joule heating when current is flowing through LPC; effect 
commonly expressed with a series resistance (Rs) losses in an equivalent model of LPC (Eq. 3.2 2.8). 
Parasitic current path (other than a current path through the pn-junction) results in shunting losses, 
manifested in current-voltage characteristic as shunt resistance (Rsh). With the inclusion of electrical 
losses, a simplified current-voltage behavior expressed with Eq. 2.4, becomes much more convoluted.  
 
 
Eq. 2.8 
Here, I01 and I02 and respective terms in parenthesis present the influence of an individual 
recombination mechanism presented in LPCs, with exact value depending on the severity of specific 
recombination process. An exact value of ideality factors n depends on physical phenomena behind a 
particular recombination mechanism; with common values n1 = 1 and n2 = 2. Such a current-voltage 
characteristic can be electrically modeled with so-called two diode equivalent lumped model seen in 
Figure 2.4. Idealized behavior as expressed in Eq. 2.4 is modeled with a parallel connection of current 
source, presenting photogenerated current Iph, and diode (I01, n1), presenting unavoidable 
recombinations. Additional recombination mechanisms are modeled with an additional diode (I02, n2), 
while shunting and Joule heating are in such model expressed with two resistors (RSH, RS). 
  
Figure 2.4: Two diode equivalent lumped electrical model expressing current voltage-behavior of LPC with 
standard electrical elements. On the left-hand side, the parallel connection of a current source and diode, models 
the idealized behavior of the LPC, while additional grayed elements present parasitic electrical loss mechanisms. 
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The manifestation of parasitic loss mechanisms on an idealized I-V characteristic is graphically 
presented in Figure 2.5. Increased shunting will result in an increased descending slope from Isc 
towards Voc and in acute cases can result in decreased Voc (light blue line in Figure 2.5 (a)). On the other 
side of the I-V curve, increased series losses will result in a decreased slope from Voc towards Isc and in 
acute cases can result in decreased Isc (light red line in Figure 2.5 (a)). Voc can be severely impaired by 
increased recombinations as seen in  Figure 2.5 (b), where I01 and I02 for nonideal cases are both 
increased ten times compared to the ideal case. Additionally, recombinations manifesting them self 
in a diode with n2=2 will round the I-V curve and therefore additionally decrease FF and consequently 
η. 
 
Figure 2.5: A graphical representation of an influence of an individual loss mechanism on an idealized 
current-voltage characteristic of the LPC (full green line).  
Additional electrical loss mechanism not straightly included in the Eq. 2.8 is a current mismatch 
possibly occurring when illuminated pn-junctions are connected into a series. Since LPCs are ultimately 
used to power electronic devices, they must provide sufficient voltage required by the end application. 
A too low output voltage of single pn-junction LPC can be increased by a series connection of 
electrically isolated pn-junctions as depicted in the top of Figure 2.6. While output voltage of such 
devices is the sum of individual pn-junction voltages (𝑉out = 𝑉1 + 𝑉2+. . . +𝑉𝑛) the current flowing 
through all pn-junctions is equal. To achieve optimal operation of such high voltage LPCs, all series 
connected pn-junctions should generate equal current, otherwise output current will be limited by 
the pn-junction generating the lowest current as seen in the bottom of Figure 2.6, showing two 
pn-junction cells connected in series. Such situation leads to current mismatch losses (Lmismatch) and 
consequently to decreased performance of the LPCs, mostly due to reduced current output, while a 
slight decrease of voltage is of minor importance. 
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Figure 2.6: Top: A conceptual presentation of a series connection of many illuminated pn-junctions. Bottom: 
Current-voltage characteristic of two serially connected illuminated pn-junctions in a current-matched condition 
(green dashed curve) and in a current-mismatch condition (red dashed curve).  
2.5 Real world LPCs 
Ultimately, all listed loss mechanisms impair the performance of real-world LPCs. Consequently, a 
deep understanding of the inner working of manufactured LPCs is fundamental to find the influence 
of individual loss mechanism and implement mitigation strategies, which will narrow the gap between 
practical and theoretical conversion efficiencies presented in current generation LPCs.  
In the following paragraphs, materials used for the production of commercially viable laser power 
converters are presented followed by a description of different concepts to produce practical LPCs 
together with pros and cons of an individual approach. 
2.5.1 Selection of material 
Since the photovoltaic effect is an inherent property of semiconductor materials, there is, in theory, 
no restriction on the selection of the semiconductor material used to make laser power converters. 
When designing the PoF system, one of the first decision made is a selection of the wavelength of the 
monochromatic light source. This parameter usually determines the semiconductor material of the 
LPC, since the peak conversion efficiency is achieved when the energy of the photons is, in practice, 
slightly above the bandgap of the chosen material [21]. Figure 2.7 shows commonly available laser 
wavelengths and corresponding optimal III-V semiconductor materials used in the production of the 
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high efficiency LPCs. It is evident that selection of binary, ternary or even quaternary III-V 
semiconductors offer us a wide selection of available materials for manufacturing of LPCs. Missing in 
Figure 2.7 is silicon Si, which is in the field of high efficiency LPCs not as common as in the field of solar 
cells due to somewhat lower performance [62–66] compared to the III-V materials [17,21,48,62,67].  
 
Figure 2.7: External quantum efficiency of a subset of available III-V materials useful for the production of high 
quality LPCs as well as common laser wavelengths. Source [31]. 
Even thou, the selection of available materials is vast, gallium arsenide GaAs is the most commonly 
used material in the manufacturing of high-efficiency LPCs [17,29,48,68–76], owing to the maturity of 
the technological and manufacturing processes of this material as well as widely and cheaply available 
lasers with wavelengths 808, 830 and 850 nm. Ga0.47In0.53As/InP LPCs are usually employed [16,77–81] 
when longer wavelengths are chosen in the design process of the PoF system, either due to lower 
losses in the transmission medium (e.g. air, optical fiber…) or to offer an “eye-safer” solution in free 
space energy transmission applications. Even longer wavelengths up to 1700 nm are covered by GaSb 
based LPCs [71], while InGaAs LPCs, with a small fraction of indium, seems to be the best suited for 
λ0 ≈ 1000 nm [82–86]. Research on Si based LPCs (best suited for the wavelengths around 1100 nm) is 
mostly done in close connection to the standard CMOS microchip fabrication technology. This 
approach enables fabrication of highly integrated electronics with a power source in the form of LPC 
manufactured as one single integrated device and opens the possibility for miniaturized externally 
powered implants [87–90]. 
2.5.2 Three different concepts of LPCs 
Once the suitable material is selected, LPCs can be manufactured in many shapes and forms, 
depending on the end application. In general, most of the produced LPCs can be grouped into three 
different concepts from the cross-sectional point of view:  
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• single-segment single-junction (SS SJ),  
• single-segment multi-junction (SS MJ) and  
• multi-segment single-junction (MS SJ). 
 
Figure 2.8: Simplified cross-sections of three different concepts of LPCs. A simplified electrical diagrams present 
configuration of active pn-junctions in the individual concept. Note that in general both pn and np configurations 
are possible for all concepts presented here, as depicted in (a) with two vertically mirrored electrical circuits. 
Figure (a) presents the most straightforward single-segment single-junction design and introduces colors of the 
individual layers (not to scale), consistently used also in figures (b) and (c). Vertical stacking of serially connected 
pn-junctions is shown in (b), whereas (c) presents a lateral monolithic integration of many pn-junctions. Please 
note red arrows, illustrating a majority of the current flow from one external contact (-) to another (+), which has 
in concept (a) and (b) mostly vertical direction, while in concept (c) there is also a significant lateral component 
to the current flow. 
Single-segment single-junction  
Starting with the most uncomplicated design, single-segment single-junction laser power converters 
(SS SJ LPCs), are in principle, well-known concentrator solar cells [91], featuring few optimizations for 
the monochromatic use. They consist of a pn-homojunction, surrounded by supporting layers, most 
commonly manufactured with epitaxial processes on the wafer substrate as seen in Figure 2.9, 
showing manufacturing steps of such devices [72]. First, the back surface field (BSF) layer grown on 
top of the wafer prevents generated minority carriers to diffuse into the wafer and recombine. Next, 
a conventional pn-junction of sufficient thickness to fully absorb incoupled light is grown on top of BSF 
and acts as an active photovoltaic region, transforming light energy into electrical energy. A window 
layer on top of the pn-junction passivates the emitter, serves as a front surface field (FSF) and also 
provides a low ohmic path for lateral current flow in the top of the device before it reaches finger grid 
and busbar metallization. Since LPCs are used under monochromatic illumination, highly doped 
window layer can be made out of higher bandgap material, optically transparent to the probe light. 
Therefore, it can be made sufficiently thick to reduce ohmic losses, arising under high irradiances and 
pn-junction
conductive
substrate
+
metallization
BSF
window - FSF
cap ARC
(g)
+
-
Lateral 
conduction layer
semi-insulating substrate
-+
(a) SS SJ (b) SS MJ (c) MS SJ
 2. Laser power converters |19 
   
 
corresponding high current density, flowing laterally in the top of the device [72]. Low ohmic contact 
between semiconductor window layer and top finger grid, busbar and top external contact 
metallization is provided by a cap layer, whereas metallization of the bottom of the wafer provides 
second external contact. Wafer processing is completed by sputtering of the usually double layer 
dielectric anti-reflection coating on the top of the window layer. At the end optional deep mesa etch 
into the substrate defines end geometry of the LPC and ultimately wafer is diced to separate individual 
units.  
 
Figure 2.9: A schematic representation of a manufacturing procedure of single-segment single-junction laser 
power converters (SS SJ LPC). In the grey dashed rectangle an epitaxial growth of semiconductor layers is outlined, 
while steps in blue dotted border present a clean room processing. Active and supporting layers are grown (b) on 
a conductive substrate (a) to provide a full semiconductor epitaxial stack of finished devices (c). The whole back 
surface of the substrate is metalized, while structured deposition of photoresists first defines front surface 
metallization (d) which is later removed with a lift-off technique, while wet etching steps remove cap layer (e). An 
ARC coating is deposited on the front surface and is later removed from metalized areas with other 
photolithographic processes (f). Finally, a deep mesa etch down into the substrate defines the end geometry of 
LPCs which are separated from one another with dicing of the wafer (g).  
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Single-segment multi-junction  
Low output voltages of single pn-junction PV devices can be, alternatively to the DC/DC upconversion, 
boosted by a series connection of majority of pn-junctions as disused in the text above. In the scientific 
field of LPCs, the problem of low output voltages of SJ SS devices is solved with two different concepts 
described in the following subparagraphs.   
In the first approach, many pn-junctions are vertically stacked on top of each other and ohmically 
connected into series by tunnel junctions (TJ); resulting in high voltage monolithically integrated LPC 
as seen in Figure 2.8 (b). In this work, such devices are labeled single-segment multi-junction (SS MJ) 
LPCs, to clearly distinguish them from multi-segment single-junction LPCs discussed in the next 
subparagraph. In the literature such devices are due to the novelty of the field designated as: 
multi-junction [49], vertically integrated multi-junction [75], monolithically stacked [29], vertically 
stacked [14,92] or VEHSA (vertical epitaxial heterostructure architecture) LPCs [17,93].  
The concept of vertically stacking of numerous pn-junction is widely known in the PV world where 
it is materialized in the form of multi-junction (MJ) solar cells. Here, the idea is to use many different 
bandgap semiconductors, to mitigate spectrum losses and therefore overcome the SQ limit of single 
material solar PV devices. The problem of spectrum losses is inherently mitigated by the use of 
monochromatic illumination therefore in contrast to MJ solar cells, where many different bandgap 
semiconductors are employed, all junctions in MJ SS LPCs are made out of the same material, which 
is selected in the same fashion as for single junction devices.  
Such devices are manufactured similarly to single junction devices; the whole manufacturing 
process is outlined in Figure 2.10. For multi junction LPCs, individual pn-junctions are grown one by 
one with an epitaxial process on a conductive substrate and in-between successive junctions, the low 
resistive ohmic connection is achieved by tunnel junctions [94,95], preferably made by a material 
optically transparent to the probe light [93]. All supporting layers are the same as for SS SJ LPCs and 
also external contacts are provided one on the bottom of the conductive substrate and other on the 
top of the window layer.  
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Figure 2.10: A schematic representation of a manufacturing procedure of single-segment multi-junction laser 
power converters (SS MJ LPC) outlining major differences between the single-junction and multi-junction LPC 
manufacturing steps. In the grey dashed rectangle, epitaxial growth of semiconductor layers is outlined, while 
steps in blue dotted rectangle present a clean room processing. For the epitaxial growth of a semiconductor layers 
a conductive substrate (a) is put into reactor (b), where pn-junctions made out of the same material are grown in 
successive steps one on top of another (c), (d) until the whole semiconductor stack including all the supporting 
layers and tunnel diodes is made (e). All the clean room post processing of the wafer (f) is the same as for the 
single-junction single-segment LPCs and with dicing of the wafer (g) individual LPCs are finalized.  
To achieve current matching conditions in multi-junction LPCs, each junction must absorb the same 
amount of the impinged light power. In contrast to the multi-junction solar cells, where this is achieved 
by careful selection of materials and fine-tuning of the thickness of individual junctions, in SS MJ LPCs, 
current matching is achieved only by precisely tuning the thickness of individual junctions, so that each 
junction will only absorb the proportional amount of the impinged light. According to the Beer-
Lambert law [96], the light intensity in the medium exponentially decreases due to the absorption in 
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the said medium, so each successive junction from the bottom up, must be made progressively 
thinner. This implies that with increasing number of junctions, the thickness of the topmost junction 
will continuously decrease, which imposes a limit on the maximum number of junctions of 
manufacturable devices before the topmost junction become so thin that two dimensional quantum 
well effects start to influence the device performance [30].   
Multi-segment single-junction  
The second approach to increase output voltage of LPCs on a chip level is lateral segmentation of pn-
junctions, resulting in multi-segment single-junction laser power converters (MS SJ LPCs), also called 
MIM (monolithic integrate module) LPCs [29,48–50]. Common manufacturing procedures of such 
devices, as depicted in Figure 2.11, differs quite significantly from the previous two examples. Here, a 
semi-insulating (S.I.) substrate wafer is employed as a building platform, which besides providing a 
mechanical support also serves as electrical insulation between adjacent segments in finished devices. 
If the S.I.-substrate is not available for a chosen active material, a conductive substrate must be used 
and an ohmic separation is achieved by reverse biased diodes grown on top of the substrate [97]. A 
highly doped lateral conduction layer (LCL), grown on top of the electrical isolation, provides a low 
ohmic path for lateral current flow in the bottom of the device (compare Figure 2.8 (c)) 
[29,57,58,98,99]. Inclusion of this feature in the MIM design is of the utmost importance, since 
electrical isolation of the substrate prevents collection of photogenerated current at the bottom of 
the device, as is the case with SS SJ and SS MJ design (compare Figure 2.8 (a), (b)) and consequently 
also both external terminals in MS SJ are provided on front surface of the device as seen in Figure 2.11 
(i). All other epitaxial layers, following the LCL, are the same as in single junction devices.  
What differs significantly is the clean room post-processing of the finished wafer; employing 
standard micro-electronic photolithographic processes and etching techniques, to provide lateral 
segmentation of the pn-junctions. In the first step, etching down to the LCL opens the areas where the 
bottom of the pn-junctions will be contacted. Another deep etching into the S.I.-substrate provides 
isolation trenches that electrically separate the adjacent segments among each other. A dialectic 
coating of open etched flanks prevents short circuits in the regions where series interconnections are 
established. Finally, metallization of the front surface provides series interconnections of adjacent 
segments (also serving as a current collecting busbar), finger grid as well as external contacts in a single 
step. Metallization of the back of the device serves as a thermal contact and easy solderable surface 
for mounting a finished device into the external package. As with multi junction approach, a series 
connection of laterally segmented segments is prone to a current mismatch; here arising if all 
segments are not equally illuminated.  
 2. Laser power converters |23 
   
 
 
Figure 2.11: A schematic representation of a typical manufacturing procedure of multi-segment single-junction 
laser power converters (MS SJ LPC) outlining major differences between the single-segment single-junction and 
multi-segment single-junction LPC manufacturing steps. In the grey dashed rectangle an epitaxial growth of 
semiconductor layers is outlined, while steps in the blue dotted border present a clean room post processing. For 
the epitaxial growth of semiconductor layers a semi-insulating substrate (a) is put into a reactor (b), where first, 
highly doped thick lateral conduction layer is grown (c). Rest of the epitaxial semiconductor stack including all the 
supporting layers is the same as for SS SJ LPCs (d). Follows the clean room post processing, where first, bottoms 
of pn-junctions are opened with deep etching of photolithographically defined areas (e). With second deep etch 
down into the S.I.-substrate, isolation trenches between adjacent segments are formed (f) and open etched flanks 
are coated with a dielectric isolation (g). Metallization at photolithographically defined areas provides series 
interconnections of adjacent segments, finger grid as well as external contacts in a single step (h). Rest of the 
clean room post processing is the same as for the single-junction single-segment LPCs (h) and with dicing of the 
wafer (g) individual LPCs are finalized. 
Comparison between three different concepts of LPCs 
In the previous subsections, three different concepts of prevailing LPCs were described. In the 
following paragraphs, a comparison of such approaches among each other outlines the advantages 
and drawbacks of a particular design. While previous subsections were written for a conceptual 
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device, decoupled as much as possible from real-world end use of such devices, following chapters 
will try to provide pros-and-cons of described concepts from an engineering and PoF systems point of 
view. Aspects discussed in this section are summarized in Table 2.1. 
 
Table 2.1: Comparison of three concepts of LPCs and the influence of operating conditions on their performance 
                            Design 
 
Parameter 
single-segment 
single-junction 
SS SJ 
single-segment 
multi-junction 
SS MJ 
multi-segment 
single-junction 
MS SJ 
    
Size Commonly few mm2 Commonly few mm2 
Commonly few mm2 divided into 
multiple segments 
Max number of 
pn-junctions in series 
One 
Limited by the thickness of the 
uppermost junction layer: 
 In theory, proposed up to 
100 [30] 
 In practice currently 20 [30] 
Limited by the size of the segments 
and size of the wafer: 
 In theory unlimited 
 In practice currently 2200 [100] 
Voltage 
Limited by selection of 
pn-junction material 
Sum of the voltages of a 
number of stacked junctions: 
 In theory, proposed 120 V 
for GaAs 
 In practice, currently 24 V 
for GaAs [30] 
Sum of the voltages of a number of 
segments: 
 In theory unlimited 
 In practice, currently 1700 V for 
GaAs [100] 
Current 
 Prevailing vertical direction 
 Immune to current mismatch 
 Prevailing vertical direction 
 Nominal current divided by 
number of junctions for 
given laser power  
 Prone to current mismatch 
 Prevailing horizontal direction – 
pronounced Joule heating 
 Nominal current divided by the 
number of segments for given laser 
power 
 Prone to current mismatch 
Manufacturing Simplest 
Complex epitaxy 
Simple, clean room post-
processing 
Simple epitaxy 
Complex clean room post-processing 
Influence of 
temperature 
Lowest: 
 Mostly due to dVmpp/dT 
 Influencing optimal 
wavelength of illumination 
Highest: 
 dVmpp abs./dT multiplied by 
the number of junctions 
 Influencing optimal 
wavelength of illumination – 
resulting in an additional 
current mismatch 
Medium: 
 dVmpp abs./dT multiplied by the 
number of segments 
 Influencing optimal wavelength of 
illumination  
Influence of 
non-uniform 
illumination 
Lowest: 
 Leads to distributed resistive 
losses 
Medium: 
 Leads to distributed resistive 
losses 
 Peak current of the tunnel 
diode can be exceeded at 
localized hotspots 
Highest: 
 Leads to distributed resistive losses 
 Causes current mismatch 
Best reported η 
≈67%  
at λ0 = 860 nm and 
G ≈ 10 W/cm2 [31] 
≈66% for 5 junction LPC  
at λ0 = 835 nm and 
G ≈ 150 W/cm2 [30] 
≈55% for 4 segment LCP  
at λ0 = 810 nm and  
G ≈ 8.5 W/cm2 [29] 
 
Size 
In comparison with standard photovoltaic solar cells, all LPCs referenced above have a small area in 
the range of few mm2, resembling sizes of high concentrator solar cells or large area photodiodes. The 
first reason for the small size is an elevated conversion efficiency at high irradiance illumination as 
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seen in Figure 2.2. For a given total power input, decrease of the LPC size and consequently decreased 
size of the laser beam, will result in a higher irradiance. Since a laser beam exiting optical fiber is 
inherently small, there is no need for bulky optics to concentrate light, therefore, small size laser 
power converters are well suited from PoF system point of view. Besides, LPCs are commonly used to 
power relatively low power electronic devices (up to few watts), so there is little need for larger 
devices, which would provide better performance for high power applications, where the influence of 
Joule heating (Rs) considerably limits LPC performance. Another reason for small area devices is purely 
economic. As discusses, materials and methods used in the manufacturing of high-efficiency LPCs are 
not widely adopted, neither are PoF systems and LPCs widely deployed, therefore, there are only 
handful facilities in the world capable of producing such devices. Consequently, the economy of scale 
is not yet developed for such devices. Consequently, to keep the unit cost low, as many as possible 
LPCs are produced on a single wafer, which in return also results in a higher yield of working devices. 
Therefore, a small area is a prerequisite for a high efficiency economically viable LPCs.  
Output voltage 
Once devices are manufactured, they are ultimately used to power a variety of electronic devices, 
which require a broad range of operating voltages. Current generation and most commonly used 
consumer-oriented electronic devices require few volts (e.g. 2.5 V, 3.3 V, 5 V), whereas devices 
intended for industrial and automotive use still operate at 12 V or 24 V. Even higher voltages in the 
range of hundreds of volts are required to power microelectromechanical systems (MEMS) [101,102]. 
As briefly discussed above, the majority of this devices can be, in theory, powered directly by either 
multi-junction or multi-segment LPCs (with sufficient numbers of pn-junctions connected into series), 
whereas this is not the case for single-junction single-segment LPC. Even though the epitaxial stack of 
SJ SS LPCs seems quite complex, such devices are relatively easy to manufacture; but such simplicity 
comes with its disadvantage from a PoF system point of view. Output voltage of a photovoltaic device 
is in theory ultimately limited by the bandgap divided by elementary charge, while in practice the 
output voltage is well below the theoretical value; typically values are for GaAs  1 V, Si  0.7 V, 
Ga0.47In0.35As/InP 0.5 V, therefore addition electronic DC/DC upconversion is mandatory to provide 
required operating voltage for the powered electronic device.  
For the multi-junction design, inherent limitations of the uppermost cell thickness may result in the 
upper limit of the achievable output voltage, which can be insufficient to power some high voltage 
MEMS. Even if the quantum well effects of nanometer scale pn-junctions would be fully addressed in 
the future and 100s’ of junctions could be stacked on top of each other, there is still danger of electrical 
breakdown of the surrounding media (usually air), exposed to the high voltage difference between 
topmost and bottommost junction, spatially separated only few µm apparat. Therefore, multi-
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segment design is preferable solution, for generation of really high voltages, since number of cells 
connected into series as well as spatial separation between cells could be always increased; in practice 
the multi-segment LPC with output voltage as high as 1.7 kV was already built [100], while highest 
reported output voltage for the multi-junction device exceeded 24 V [30]. 
Another critical aspect to consider regarding the output voltage is connected to the small volume 
production of such devices. Many different designs with various numbers of pn-junctions of 
multi-segment LPCs can be manufactured on the same wafer, whereas a number of epitaxially grown 
pn-junctions will be the same for all devices of multi-junction design. Therefore, planar segmentation 
of high voltage LPCs offers high flexibility in that regard, which is especially beneficial in the scientific 
community. 
Current 
Current generated by the absorption of photons in active regions of LPCs must ultimately flow to the 
external terminals. A lateral component of the current flow in the top of the devices is akin to all three 
concepts of LPCs. Here, a thick optically transparent window layer and a dense finger grid metallization 
provide a low ohmic path and usually Joule heating due to the lateral component of the current in the 
top of the device is of secondary importance. For single-junction single-segment and multi-junction 
single-segment devices, primary path for the current flow in the bottom regions have a vertical 
direction, whereas in multi-segment devices a primary current path have lateral direction also in the 
bottom of devices, where the current is directed to the semiconductor lateral conduction layer as 
outlined in Figure 2.8. This results in a pronounced Joule heating, which significantly deteriorates the 
conversion efficiency of such devices [57,58]; in details explained in the next chapters of this thesis.  
Beside mitigation of DC/DC voltage conversion losses, another feature of high-voltage LPCs is 
splitting of the incident light beam into many pn-junctions and consequently an absolute value of 
photogenerated current decrease with increasing number of pn-junctions, for the given input power. 
However, the series connection of pn-junctions is not without its disadvantages since all the junctions 
must produce the same photogenerated current to achieve current match conditions. Even PoF 
systems employing many junctions LPCs, optimized in that regard in the laboratory settings, can 
exhibit suboptimal performance in the field due to current mismatch arising under changing operating 
conditions.  
Manufacturing challenges 
As in details described in previous paragraphs, another essential difference among described concepts 
is the complexity of manufacturing of such devices. Here, the complexity of two different 
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manufacturing steps, namely epitaxial growth and photolithographic post-processing, varies 
significantly.  
Thicknesses and doping concentrations of individual layers are finely tuned for all high efficiency 
LPCs. Consequently, the majority of them are built with one of the semiconductor epitaxial 
technologies, offering precise control over crystal growth. Still, growing thin layers with thicknesses in 
the range of 10s’ of nm or even less (required for a high voltage multi-junction LPCs) over the whole 
wafer surface is a challenging task. Thickness control is also crucial for the growth of epitaxial layers 
for tunnel diodes in multi-junction devices to ensure low ohmic connection of the successive active 
pn-junctions. Overall, in multi-junction devices, precise control over the thickness of individual layers 
must be provided to ensure high performing devices and furthermore, any deviation of growth 
parameters over the wafer surface will result in low yield of high-performance LPCs. In multi-segment 
and single-segment single-junction devices, the majority of the epitaxial layers are comparatively 
thicker and deviations of the nominal thickness of the thinnest layers (e.g. BSF, FSF) are not of crucial 
importance to provide high performance devices. As such, requirements for thickness control of 
individual epitaxial layers and layer thickness uniformity through the wafer surface in the respective 
devices are eased.  
Clean room photolithographic post-processing of a finished wafer is the most complex for 
multi-segment LPCs. Here, the major challenge is etching of deep isolation trenches down into the 
substrate. To minimize areal losses, directly connected to the active area removed to provide electrical 
separation of the adjacent segments, isolation trenches should be as narrow as possible, which results 
in a high aspect ratio (depth/width) of isolation trenches; a task difficult to achieve. On the other hand, 
too narrow trenches can result in a reduced yield of functional devices on a wafer, which in return 
increases the unitary cost. Also, an imperfect dielectric coating of open etch flanks where series 
connection bridges are established, can further decreases the yield of functional devices on a wafer.   
In all regards considering the manufacturing of LPCs, the single-segment single-junction concept is 
the preferred solution, while both multi-junction and multi-segment devices come with their unique 
manufacturing challenges.  
Influence of spatial distribution of the light beam on the performance of LPCs 
Spatial distribution of the light beam on the LPC surface can significantly influence a conversion 
efficiency of the device. Ideally, all the light power of the light source should be uniformly distributed 
over an active aperture of LPCs, however, in the end application this is rarely the case; either by design 
decisions (e.g. space and cost reductions etc.) or due to change of a beam profile during the lifetime 
of PoF system. The most common occurrence of non-uniform illumination of LPCs is either Gaussian 
or super-Gaussian illumination when optical fibers are employed as a light transmission medium. If 
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the beam pattern does not change during the operation of the system, such illumination profiles can 
be taken into account during the design process of the LPCs and mitigation mechanisms to reduce 
losses arising under such inhomogeneous illumination [13,103–105]  can be employed (e.g. finger grid 
design [106]). Still, sometimes the beam profile changes in the field operation of the PoF systems; 
quasi random fluctuations of the beam intensity, caused by aggregation of constructive and 
destructive interferences in a highly coherent laser beam, results in localized hotspots (speckles 
[107,108]) of high intensity illumination of the LPCs. In a multi-segment design, this can result in an 
unequal illumination of all segments, which induces a current mismatch [103], whereas in a 
multi-junction design a peak current density of tunnel junctions can be locally exceeded [104], which 
decreases the performance of such LPCs. In all LPC’s concepts, including single-junction 
single-segment LPCs, localized hotspots in the beam can further decrease a conversion efficiency due 
to increased distributed resistive losses [105]. Furthermore, multi-mode optical fibers support the 
propagation of multiple light modes, therefore beam profile at the output can be highly convoluted. 
When unfavorable conditions occur during the installation of PoF systems (e.g. contamination of the 
fiber end faces, improper sitting of the fiber ferrule into laser port, excess bending of the fiber…), even 
systems fully optimized in the laboratory can perform poorly in the field, due to the same effects of 
inhomogeneous illumination on the LPC efficiency as described above. Another aspect to consider, 
when it comes to the spatial distribution of the light beam impinging on the LPC is linked to 
manufacturing tolerances. Ideally, the whole active area of the LPC is illuminated by the beam, but 
this can result in some of the light beam missing the open aperture (spillage losses) of the LPC if the 
tightest positioning tolerances are not met during the positioning of the optical fiber and LPC in the 
receptacle. Therefore, it is beneficial in the designing steps of the PoF systems to under-illuminate 
LPCs, to ease manufacturing tolerances. However, even such a solution is not always sufficient. For 
the multi-segment design a radial symmetry of non-uniform light beam is acceptable but needs to be 
centered, since offset from the center will result in a current mismatch; discussed in details in Ref. 
[56], also found in the Appendix B. Overall, the uniformity of illumination profoundly influences the 
conversion efficiency of multi segment LPCs, whereas for properly designed SS MJ and SS SJ LPCs 
constraints for the uniformity of the light beam are eased.  
Light source wavelength and temperature effects on the performance of LPCs 
For all designs, some fluctuations of the operating temperature (T) of LPCs always occurs in real-world 
applications; be it due to a fluctuation of the ambient temperature or fluctuating energy consumption 
of the powered electronic loads. Since the increase of the device temperature will always decrease 
the conversion efficiency of photovoltaic devices including LPCs, the performance of the LPC at 
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anticipated maximum operating device temperature must be considered, when designing PoF 
systems.  
First, it should be pointed out that high conversion efficiency is crucial for a minimum increase of 
LPC temperature under illumination since all the light energy not converted to electricity will result in 
heat, which will in return result in a decreased conversion efficiency and so forth until equilibrium is 
reached. Secondly, all the available output electrical energy should be ideally sunk by a load, 
otherwise, excess electricity produced by the LPC will again result in heating of the device and 
impairing the its performance. Consequently, minimal laser power necessary for a given load should 
be used for achieving the highest PoF system efficiency and on a long time also the longest lifetime. 
Continuing, there are intrinsic and extrinsic factors that can cause an increase of the LPC nominal 
operating temperature. A clear example of the first one is nonunity energy conversion efficiency of 
the LPCs, therefore, all energy that is not converted to the electrical energy and also not used by a 
load will result in an elevated LPC temperature. To some extent, if the heat production is not too large, 
LPC can be cooled down to the ambient temperature by the passive heatsink, otherwise, an active 
cooling (e.g. water cooling [63,109]), should be employed. Extrinsic factors, such as an ambient 
temperature of air for passively cooled LPCs or temperature of cooling liquid for actively cooled LPCs, 
always causes fluctuation of the LPCs’ operating temperature even for the lowest power of impinged 
light.  
Furthermore, peak conversion efficiency of all laser power converters is only achieved when 
illuminated with a monochromatic light source that emit photons with energies closely matching the 
bandgap of the used material [54], whereas for practical devices, the optimal wavelength of the light 
source is slightly lower (=increased energies of photons), due to a limited absorption near the bandgap 
[21]. However, LPCs are rarely illuminated with an optimal wavelength, due to a limited selection of 
available wavelengths of lasers and even for theoretically optimally matched LPCs and lasers, in 
practice, optimal wavelength drifts with a changing operating temperature of either laser source or 
LPC and consequently deteriorate PoF system efficiency.  
The fluctuation of LPC’s temperature results in a shift of an apparent bandgap with changing 
temperature [110] which will for all discussed concepts of LPC result in a decreased open circuit 
voltage Voc and consequently Vmpp. Since Vmpp of both multi-junction and multi-segment concepts is 
the sum of voltages of individual junctions, also the absolute temperature coefficient (dVmpp abs./dT) is 
the sum of individual pn-junction’s temperature coefficients. Therefore, with an increasing number of 
pn-junctions in high voltage LPC designs, the effect of temperature on the absolute value of Vmpp will 
be pronounced; in that regard, a single-junction single-segment design is a preferred solution. Even 
though the absolute temperature coefficient (dVmpp abs./dT) increases with an increasing number of 
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pn-junctions connected into a series, a relative temperature coefficient (dVmpp rel./dT) stays the same 
and depends mostly on the used material. Thus, also the relative decrease of a conversion efficiency 
due to the decreased voltage with increasing temperature stays the same regardless of the number 
of serially connected pn-junctions.  
A discrepancy between an optimal and actual wavelength is most damaging on the performance 
of the multi-junction LPCs. The main drawback of such design is a significant temperature dependence 
of the absorption coefficient α [111,112] connected to the shift of apparent bandgap of the used 
semiconductor with a changing temperature [110]. Therefore, multi-junction LPCs can be inherently 
optimized only for a specific combination of temperature and wavelength. Any deviations of this 
specific, tightly connected, parameters [30] will strongly dominate the performance of such devices, 
since thicknesses of all individual junctions in SS MJ LPCs are strictly fine-tuned and tied to specific 
value of α [29,93] and deviation of the nominal α will result in a current mismatch [113]. To some 
extent is such devices, current mismatch arising under unideal wavelength of illumination is mitigated 
by so-called photon coupling and recycling (luminescence coupling) [114,115]; a phenomenon where 
photons emitted during radiative recombinations in over-illuminated junctions are absorbed in 
under-illuminated junctions. It should be noted that increasing irradiance results in an increased 
luminescent coupling and therefore reduces the influence of increased temperature on the conversion 
efficiency; both for Voc dependence [116] as well as for the current mismatch. still, such effect of 
spectral detuning presents an inherent temperature dependent loss mechanism in multi-junction 
devices that is not presented in the other two concepts of LPCs. 
All that said, it is unlikely that limits of the maximal safe operating temperature range for LPCs (for 
GaAs that is between -60 °C and 150 °C [15]) are exceeded during normal operation of PoF system. 
However, all possible temperature fluctuations must be taken into account when calculating power 
budget, to ensure reliable operation of PoF systems. 
2.6 Conclusions 
In this chapter photovoltaic laser power converters (LPCs) where discussed in details. Starting with 
simplified operating principles and theoretical conversion efficiencies, we found out that there are 
many constraints and a lot of room for improvement of the current generation LPCs. To do that, in-
depth understanding of influences on loss mechanisms, methods of fabrications, operating conditions 
etc. on the performance parameters of LPCs is needed. Based on the discussion provided in this 
chapter, methods of characterization of both performance parameters and parasitic loss mechanisms 
are established in the next chapter and later on, these methods are applied to extensively study the 
loss mechanisms in multi-segment single-junction (MS SJ) laser power converters.   
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3. Methodology 
This chapter describes and discusses the methodology to study the performance of LPC converters 
(focusing on the multi-segment devices), while results obtained with the presented methods are 
discussed in the next chapter. Additionally, methodological steps to characterize supporting 
electronics of Power-over-fiber systems are presented and explained. Procedures presented here 
covers both experimental and modeling techniques, extending from rudimentary to advanced 
characterization concepts that are applied to determine LPCs’ and PoF electronics performance and 
underlying loss mechanisms.      
3.1 Experimental procedures 
A deep understanding of principles governing the performance of LPCs is only possible by finding the 
influence of the individual parameters on a device performance. Therefore, most influential variables 
should be identified and then experimental procedures established, where the influence of a single 
variable on device performance is studied one-by-one. Furthermore, specific experimental techniques 
enable us to obtain the numerical values of individual parameters (e.g. resistivity of an individual 
epitaxial layer, dark saturation currents, …), used as input parameters in the computer models. 
3.1.1 Area measurements 
An exact measurement of various areas of the investigated LPCs is probably the most overlooked and 
undervalued parameter in the literature discussing experimentally obtained conversion efficiencies of 
LPCs. The problem arises when irradiance of the beam impinging on the device is multiplied by the 
illuminated area to obtain the total impinged power, which is used in the calculation of the conversion 
efficiency. Due to small areas of the LPCs (in the range of few mm2), errors in the estimation of an 
active area in hundredths of mm2, already results in a significant error of the estimated conversion 
efficiency. To make matters even worse, manufacturing tolerances and variables (e.g. under or over-
etching of the front grid metallization), can result in different active areas from one specimen to 
another. Therefore, to accurately determine the device efficiency, it is of the utmost importance to 
measure areas of different features of the devices with a calibrated area measurement microscope, 
[60].  
 3. Methodology |32 
    
 
  
Figure 3.1: An example of an area measurement report of various structural features presented on the LPCs 
manufactured at Fraunhofer ISE. Left: four-segment MIM LPC mounted on a TO header. Middle: details of a single 
segment of a six-segment MIM LPC. Right: Manufacturing tolerances result in variation in structural areas. Here, 
variation in the width of a finger grid metallization of single SS SJ LPC is clearly seen.  
3.1.2 Laser beam characterization 
A laser beam impinging on the LPC is entirely defined by measurements of its wavelength, spatial 
profile and total light power; latter two defines a spatial irradiance.  
The spectral power distribution of a light source is measured with a spectrometer; a standard 
optoelectronic instrument produced by many manufacturers. Importantly, the used instrument 
should have high enough spectral resolution to ensure proper measurement of a spectral distribution 
around the central wavelengths λ0 defined by FWHM, due to a narrowband emission of the common 
lasers. Ideally, measurements of the light source spectrum should be performed at different operating 
conditions of the lasers (e.g. different powers, steady state/transient emission…), to account for 
spectral changes under operation (e.g. mode hoping [117], thermal drift [118], …).   
Following the approach of the in-house developed camera-based system used to measure a spatial 
angular distribution function [119], a laser beam spatial profile measurement system was developed. 
It is based on a projection screen and a low-cost CMOS camera module for a Raspberry Pi. Used camera 
module utilizes the OV5647 1/4" color CMOS QSXGA image sensor with a backside illumination 
technology (BSI) and provides settings for exposure time, ISO and an analog sensor gain. Spatial 
distribution of a laser beam, impinging on the projection screen made out of Tedlar is acquired as an 
uncompressed RAW image and is later post-processed to account for optical aberrations. The 
developed system is pictured in Figure 3.2 and further details can be found in the Appendix G.  
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Figure 3.2: The developed beam profiling system. Top: showing opened light sealed box, housing a laser beam 
projection screen and a CMOS camera module. Bottom: Raspberry Pi is used as a frame grabber for the CMOS 
camera, acquiring images of the beam profile on the projection screen.  
A total laser beam power can be measured either with a calibrated thermopile-based sensor (such 
as Thorlabs S415C [120]) or by measuring Isc of a suitable calibrated photovoltaic detector (e.g. 
photodiode, LPC [121]...). In both cases, a sensor’s active area should be underilluminated (beam area 
< sensor area), to accurately determine the total beam power. Spatial irradiance G(x,y) [W/cm2] profile 
can be determined from a known laser power and spatial profile of the beam. For a homogeneous 
beam, also G(x,y)  is homogeneous and can be alternatively determined with an over-illuminated 
(beam area > sensor area) calibrated photovoltaic detector of a known area as 𝐺 =  𝐼SC/
 𝑠𝑒𝑛𝑠𝑜𝑟 𝑎𝑟𝑒𝑎 ∙ 𝑆𝑅 , where SR is a spectral response of the detector at a specific wavelength. Such an 
approach additionally enables in-situ monitoring of the irradiance for the measurement systems 
employing homogenous illumination [121].  
3.1.3 Current-voltage characteristics of LPCs under illumination 
Measurements of current-voltage characteristics (I–V curves and related J-V curves) under 
illumination at various irradiances are essential to obtain conversion efficiencies and other figures of 
merit of LPCs. In general, such measurements are done by sweeping and simultaneously measuring 
one of the electrical parameter (either current or voltage) and measuring the other one. To obtain a 
full I–V curve, a sweep should be made at least between two extreme points on the curve (ISC, VOC), 
but preferably extended beyond these two points. Therefore, an active load such as a 
source-measurement unit SMU or a bipolar/four-quadrant power supply should be employed. Ideally, 
I–V curves are measured under a transient illumination, to reduce the LPC heating and further, the 
specimen should be placed on a temperature controlled measuring chuck. Further mitigation of the 
temperature influence on the current-voltage characteristic of the LPC is possible by measuring two 
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I–V curves - in forward (from ISC toward VOC) and reverse (from VOC toward ISC) direction - and averaging 
them.   
To accurately determine the conversion efficiency also total light power imping on the active area 
of the LPC should be determined with a high precision as outlined above. For a non-homogeneous 
illumination (e.g. Gaussian beam), under illumination of the active area is preferred and the total beam 
power should be determined by one of the methods described above. For a homogeneous 
illumination, over-illumination of the specimen is possible and also preferred solution and total beam 
power is calculated from the measured irradiance and a calibrated active area.  
In this work, the measurements of illuminated I-V curves were done with a dedicated “LaserSim” 
(Figure 3.3) setup at Fraunhofer ISE CallLab [121]. A monochromatic light (λ0 = 809 nm, FWHM = 3 nm) 
of a temperature stabilized 50 W diode laser array is guided through an optical fiber to a custom-made 
homogenizing optics. This optics provides a homogeneous flat-top beam with a 4 mm x 4 mm 
designated area (see Figure 3.3) and with a non-uniformity of 1.6 % according to standard IEC 60904-
9 [122]. Additionally, a calibrated GaAs LPC is used for in-situ monitoring of the irradiance (up to 
89 W/cm2) and to account for the temporal instability of the laser pulse. The sample under 
investigation was mounted on a gold plated heat spreader and placed on a temperature controlled 
water cooled brass measuring chuck. Electrical connections to the sample were made with Kelvin 
probes (four-terminal sensing), where current is sensed and recorded as a voltage drop on a calibrated 
measuring shunt resistor and voltage probes are directly connected to the 16-bit transient DAQ 
recorder (Tasler LTT184 [123]). A voltage sweep is performed with a Kepcko BOP series four-quadrant 
power supply, wired as a voltage follower with the low power voltage signal supplied by Agilent 
33120A signal generator. Within less than 2 ms transient illumination, 500 time correlated 
measurements points are performed for each current and voltage signal of the investigated device 
and also for a current of the monitor cell. I–V curves are sequentially recorded in a forward and reverse 
direction, averaged and corrected for the temporal instability of the laser, measured in-situ with a 
monitor cell. The whole procedure is controlled by “FlashCon” software of Aescusoft. Lastly, when 
needed, measured I-V curves were divided with a designated area [56,60] to obtain current 
density-voltage J-V curves.   
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Figure 3.3: “LaserSim” setup at Fraunhofer ISE CallLab, used to measure I-V curves of the LPCs under transient 
illumination. Left: A photograph of “LaserSim”. Middle: A schematic representation of the setup, showing beam 
homogenizing optics, monitor cell for in-situ monitoring of irradiance and measuring chuck with a specimen under 
investigation. Right: A spatial profile of the homogeneous beam on the test plane. Source of all images [121]. 
3.1.4 Dark current-voltage characteristics 
Dark current-voltage characteristics (dark I-V and related dark J-V curves) of all photovoltaic devices 
(including LPCs) are measured by placing the device under investigation in the light sealed box and 
sweeping and simultaneously measuring one of the electrical parameter (either current or voltage) 
and measuring the other one. This method enables us to measure currents produced by 
recombination processes in the device and consequently dark I-V curves are used to extract dark 
saturation currents (J0n) and diode ideality factors (n) of the LPCs. Due to small absolute values of dark 
saturation currents of high-quality small area devices (down to nanoampere range for investigated 
GaAs LPCs), precision picoammeters should be employed to measure dark I-V curves. 
Dark I-V curves presented in this work were measured by placing the LPCs, mounted on a gold 
plated heat spreader, on the temperature controlled, water cooled measuring chuck set to 25 °C. 
Electrical connections to the sample, placed in the dark box, were made with Kelvin probes 
(four-terminal sensing) and current-voltage characteristics were measured with an Agilent B2901A 
precession source-measurement unit (SMU) offering a current measurement resolution down to 1 pA. 
By dividing a measured current with a pn-junction area (also including areas under busbars), 
comparative average dark current density-voltage (dark J-V) curves of various sized samples were 
obtained.  
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3.1.5 Extraction of figures of merit and parametrization of electrical parameters 
Extraction of figures of merit  
Figures of merit described in Chapter 2 are extracted from the I-V curves of the illuminated specimen. 
ISC and VOC are obtained from the data where the measured I-V curve crosses zero voltage and zero 
current respectively. Pmpp is extracted by finding the maximum of the product of current and voltage 
and FF is obtained as 𝑭𝑭 =
𝑷𝐦𝐩𝐩
𝑽𝐨𝐜𝑰𝐬𝐜
. Extraction of these parameters is relatively easy and 
straightforward, whereas the most crucial of all parameters – conversion efficiency – is the most 
challenging to evaluate precisely. As discussed above, precise measurements of the power impinging 
on small area LPCs (Pin) are difficult to achieve and consequently the accuracy of the calculated 
conversion efficiency, defined as  𝜼  % =
𝑷𝐨𝐮𝐭
𝑷𝐢𝐧
∙ 𝟏𝟎𝟎%, is only as good as the accuracy of the 
measured/assumed Pin. While figures of merit are important for a systematic comparison of various 
LPCs among each other, they are unable to provide us with a deep understanding of loss mechanisms 
presented in studied devices. Therefore, integral parts of the complete device should be individually 
studied and their parameters obtained; as presented in the next subparagraphs.  
Determination of the lumped LPC parameters  
A lumped shunt resistance RSH is extracted by performing a linear fit to the illuminated I-V curve 
around ISC, whereas a lumped series resistance RS is extracted by performing a linear fit to the same 
I-V curve around VOC. Alternatively, RSH can be extracted from the dark I-V at low bias region, whereas 
RS can also be extracted from the same curve at a large forward voltage bias.  
Dark saturation currents I0n are extracted from the dark ln(I)-V curve, by finding the intercept of the 
linear regression with slope n (quality factor) and the current axis. Alternatively, if the series resistance 
losses mask the I0n, ISC-VOC pairs obtained from illuminated I-V curves at various irradiances can be 
plotted on the dark ln(I)-V curve and used for the extraction of the respective I0n. For the illustration 
of the described procedures see Figure 3.4. 
Dividing illuminated and dark I-V curves with a pn-junction area results in comparative area 
weighted characteristic parameters:  RSH to area weighted shunt rSH, RS to area weighted series 
resistance rS and currents Isc, I0n… to current densities Jsc, J0n… 
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Figure 3.4: A sketch of procedures used to extract lumped electrical parameters from the measured 
current-voltage characteristics.  Left: An illuminated I-V curve and extraction of series RS and shunt resistance RSH. 
Right: Dark log(I)-V curve, showing three distinct regions. At low voltage bias, the dark characteristic curve is 
dominated by RSH. At medium voltage bias, various recombination processes result in various dark saturation 
currents I0n with their respective slopes defined by ideality factors n, whereas at high voltage bias dark 
characteristic is influenced by a series resistance RS. Stars mark the ISC VOC pairs extracted from illuminated I-V 
curves at different irradiances.  
Resistivity of metallization and semiconductor layers  
A deep understanding of underlying loss mechanisms of LPCs cannot be obtained with an equivalent 
lumped model, therefore, individual parameters of all layers presented in the device need to be 
obtained and more detailed computer model developed. In this work resistivities and connected sheet 
resistances of semiconductor epitaxial and metallization layers were obtained with special test 
structures, seen in Figure 3.5, manufactured on the same wafer as studied LPCs. Resistivites of 
semiconductor layers were calculated from the measured resistance of transmission line method 
(TLM) test structures and nominal length, width and thickness of the structures and underlying 
epitaxial layers. Similarly, a resistivity of the metallization was obtained by measuring the resistance 
of the test structures and account for the test structures sizes.  
 
Figure 3.5: Test structures manufactured on the same wafers as studied specimens used to measure resistivities 
and sheet resistances of various layers presented in the finished investigated LPCs. Left: Transmission line method 
structures (TLM) and right: metallization resistance test structures.  
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Photo induced conductivity of the semi-insulating substrate 
As presented in the [59], light impinging on the semi-insulating substrate, through the isolation 
trenches of the SJ MS LPCs, reduce the substrate resistivity and correspondingly cause the leakage 
currents through the substrate. To measure the influence of the used monochromatic light on the 
substrate resistivity, TLM structure contacting only the S.I.-substrate was illuminated with various 
beam powers. Electrical connections, to the pads on the TLM structure separated by 25 µm 
(approximately the width of the isolation trenches), with the Agilent SMU were made using a four wire 
method. For every irradiance and also in the dark I-V curves were measured and resistances calculated 
from the slope of this curves. To additionally confirm the photo induced conductivity of the substrate, 
series connection bridges of the complete MIM LPC sample, were broken; effectively electrically 
separating individual pn-junction segments. Such a sample was put into “LaserSim” and I-V curves 
between external contacts were measured under different irradiances and in the dark and again 
resistances were calculated from the slope of this curves. 
Furthermore, to quantify the influence of the photo induced conductivity of the S.I.-substrate, 
central isolation trench of the two- and six-segment MIM LPCs were shaded with a contacting needle, 
as used to contact the devices under investigation (Figure 3.6). Finally, an influence of the leakage 
current through the substrate, caused by the photo induced substrate conductivity, was studied by 
comparing the I-V curves (once measured with shaded isolation trench and once without) and 
extracted figures of merit. Results of such analysis are found in the Appendix E [59]. 
 
Figure 3.6: Photographs of shading test used to study the influence of a photo induced leakage current through 
the substrate of two- (left) and six- (right) segment MIM LPCs. A contacting needle is positioned above the central 
isolation trench of the investigated specimens, to prevent the light impinging on the substrate through the 
isolation trench.  
3.1.6 Electroluminescence (EL) 
Photovoltaic devices under forward electrical bias emit light due to a phenomenon known as 
electroluminescence (EL). This characteristic of the PV devices can be used to study devices’ defects 
[124], distributed resistive loses [110,125], localized recombination mechanisms [58]… The setup used 
in this work to measure both spectral and spatial EL is seen in Figure 3.7. 
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Figure 3.7: A setup used to measure spatial and spectral electroluminescence characteristics of LPCs. Left: on top 
custom made optics for the spatial EL measurements are seen, whereas, on the right, an optical fiber connected 
to the spectrometer comes into the light sealed box. Right: The device under investigation is placed on a 
temperature measuring chuck. Note that GaAs LPCs, emit some of the light in the visible spectrum (red) as seen 
in the inset.  
Spatial EL 
Spatial images of the emitted EL of LPCs were measured with a scientific, low noise actively cooled 
camera (FLI MLx285) employing a Sony ICX285 CCD sensor. Since the magnification of the primary lens 
(Schneider Optics NR56-534) was insufficient to measure small area LPCs, tube extenders and a 
custom made adapter was used to mount a microscope objective on the primary objective. The LPC 
under investigation was put on a temperature controlled measuring chuck and forward electrical bias 
was provided with a laboratory stabilized power supply and measurements were repeated at various 
bias currents Ibias. Post-processing of the EL images was done in ImageJ [126] to subtract dark CCD 
counts, remove noise, correct for lens aberrations and normalize obtained images to the maximum 
value. 
Spectral EL 
Besides spatial distribution of EL, spectral information of the emitted light was recorded with the 
Ocean Optics HR4000 spectrometer, where 600 µm core diameter multimode optical fiber equipped 
with a cosine corrector was used as a light guide to the instrument. Before the spectral EL 
measurements, the setup was calibrated with a NIST traceable Ocean Optics LS-1-CAL light source. 
Care was taken to assure that all irradiated light from the device under test was coupled into the fiber, 
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by placing the cosine corrector in close proximity to the LPC’s surface. A forward electrical bias was 
provided with a laboratory stabilized power supply and measurements were repeated at various Ibias 
and different temperatures.  
3.1.7 Laser beam induced current (LBIC) 
Laser beam induced current (LBIC) is a characterization technique used for measuring a local sensitivity 
of photovoltaic and other optoelectronic devices. By scanning a focused laser beam over the surface 
of the investigated device, a spatial map of the localized photo induced current (Iph) is obtained. As 
such, LBIC enables us to measure homogeneity of the absorptivity of a photoactive area; implicitly also 
measuring the spatial homogeneity of the used ARC coating.  
LBIC system used in this work is seen in Figure 3.8 and thoroughly described in [127]. Shortly, 
motorized scanning stages offer 1 µm spatial step resolution and employed single mode 
Gaussian-shaped laser beam (Thorlabs LPS-638-FC λ0=638 nm, Pmax=6.7 mW) can be focused down to 
roughly 15 µm diameter circle (measured with a knife-edge technique for the beam intensity between 
10% and 90%). An existing system was upgraded for the experiments, to provide active temperature 
control of the investigated specimen. Furthermore, Stanford research system SR570 low noise current 
preamplifier (transimpedance I/V amplifier) was used instead of a current sensing shunt resistor, 
which additionally provided a necessary bias voltage to the device under investigation. 
 
Figure 3.8: A schematic of used LBIC system. Modified from [127,128].  
z
x
focusing
opticsy
beam splitter
reference
detector
lock-in
amplifiers
computer
collimator
attenuator
laser diode
laser diode
controller
modulation source
li
n
e
a
r 
s
ta
g
e
s
motion control
D
ev
ic
e
 
u
nd
e
r  
in
ve
s t
ig
a t
io
n
LIA 1
LIA 2
50:50
Temperature controler
for peltier cooler
SRS I/V amp
 3. Methodology |41 
    
 
3.1.8 Current mismatch 
The LBIC system was additionaly modified, to measure the influence of an off the center illumination 
of radial MIM devices and a coresponding current mismatch [56,129]. Instead of focusing the radially 
symmetrical beam to a small spot on the surface of the LPC (as is the case in LBIC), in this experiment 
the beam covered the full radial active aperture of the MIM LPCs (beam spillage was ≈1%). By moving 
the sample to different positions in the beam and measuring the ISC with a Keithley 236 SMU in every 
position, a spatial map of the short circuit current, correlating to a spatial map of the current mismatch 
ISC mis.(x,y) is obtained. 
3.1.9 Electronic DC/DC upconversion and current balancing  
The electronics for the PoF systems, providing sufficient voltage level for the load, were 
characterized in two experiments.  
In the first experiment, efficiencies of the suitable voltage DC/DC up-converters providing stabilized 
3.3 V output were tested for the use with one- and two-segment GaAs LPCs. After a thorough survey 
of commercially available DC/DC upconverters, two Texas Instruments TPS61090 [130], TPS61021 
[131] and the Maxim Integrated MAX1797 [132] were chosen for the best-stated conversion efficiency 
(>90%) at low input voltages. The TPS61021 and MAX1797 are suitable for both investigated LPCs, 
since they offer low input voltage startup (< 0.9 V), whereas TPS61090 starts working at input voltage 
of 1.8 V and is therefore only suitable for higher voltage LPCs. To measure obtainable conversion 
efficiencies of such DC/DC modules with nonlinear power sources (LPCs), a measurement setup seen 
in Figure 3.9 was employed.  
 
Figure 3.9: A schematic of a circuit used to measure conversion efficiency of DC/DC converters, where LPC acts as 
a nonlinear power source. On the input of the DC/DC converter a preset constant current source, wired parallel 
to the LPC, imitates the illuminated LPCs I-V characteristic. On the output of the DC/DC converter, variable current 
source wired as a current sink acts as an ohmic load.   
 Instead of illuminating the LPC, a preset constant current source (Keithley 2602 SMU) acting as an 
Isc was wired parallel to the SJ SS LPC; either one or two serially connected. Even though the I-V 
characteristic of such a connection does not fully equate the I-V characteristic of the illuminated LPC 
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(due to different distributed resistive losses), nonlinear behavior of the power source, as provided by 
the illuminated LPC, is maintained to a high degree. Furthermore, this circuit provided controlled 
conditions and by setting the currents source to various levels, arbitrary irradiances can be easily 
imitated. Instead of an ohmic load, an active variable current source (Keithley 2602 SMU), wired as a 
current sink was used. Current of the sink was increased, until the voltage at the output of the DC/DC 
converter fell from nominal 3.3 V (at no load) to 3 V. For every load current both voltage and current 
at the input and the output of DC/DC converter were measured (Keithley 2602 SMU) and used for the 
calculation of the DC/DC conversion efficiency (ηDC/DC) as: 
 
 
Eq. 3.1 
With the second experiment, the feasibility of an active current balancing to reduce the influence 
of a current mismatch on the MIM LPC’s performance was tested. An active current balancing is 
commonly employed to equalize performance deviations of serially connected nonlinear electronic 
components (such as battery cells, LEDs, solar cells in solar PV modules…), but was never either 
proposed nor realized to mitigate the issues with a current mismatch in LPCs.  
A simplified electrical schematic of a current balancing circuit for two segment LPC is seen Figure 
3.10, where each segment is presented with its own simplified equivalent electrical circuit. The basis 
of such an approach is a series connection of two electrical switches that are opened and closed 
alternately; effectively connecting one segment at a time to a load. In between, when an individual 
LPC is not directly connected to the load, produced energy is stored as a magnetic field in the inductor, 
wired in-between two MIM LPC’s segments. As a result of a continuous switching between two LPC’s 
segment, a current flow through the load is the average of both currents produced by the segments.  
A test circuit as shown in Figure 3.11 was developed to test the principle of an active current 
balancing for MIM LPCs in a current mismatch condition. Two single junction single segment LPCs 
(acting as a two-segment MIM LPC) with matching I-V characteristics were wired into a series. Two 
preset constant current sources (Keithley 2602 SMU) simulated ISC of both LPCs individually, thus 
current mismatch conditions were set in a controlled and precise manner. Switching was achieved 
with a push-pull configuration of p- and n-MOSFETs, controlled by a function generator (Keithley 3390) 
wired in-between gates and source. 100 µH shielded inductor was wired in-between two LPCs and 
sources of MOSFETs. 10 µF electrolytic capacitor at the output stabilized the output voltage, while 
100 nF ceramic capacitors were wired in parallel to the LPCs to stabilize an individual LPC voltage. By 
performing a sweep with a variable current sink (Keithley 2602 SMU acting as a variable ohmic load) 
and measuring the output voltage and current, I-V characteristics were obtained at various current 
mismatch conditions, used for a comparative analysis presented in the next chapter.   
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Figure 3.10: A schematic representation of the working principle of an active current balancing. Left: If a current 
balancing circuit is not active (both switches opened), the current flowing through the load equals the lesser of 
both currents. Center and right: When the current balancing circuit is active, two electrical switches alternately 
connect MIM LPC’s segments to the load and as a result, a current flowing through the load is the average of 
currents produced by the segments. When an individual switch is not connected to the load excess produced 
energy is stored in a magnetic field in the inductor L. Note that only the difference of currents flows through the 
inductor. 
 
Figure 3.11: A schematic of the developed current balancing circuit used to mitigate performance losses due to a 
current mismatch of MIM LPCs. Two preset constant current sources generate ISC of both LPCs individually, thus 
mimic current mismatch conditions. Two SJ SS LPCs connected into the series act like a two-segment MIM LPC. A 
variable current source simulates a variable ohmic load and enables us to measure I-V curves at the output. A 
current balancing circuit consists of two complementary MOSFETs, controlled by a function generator, an inductor 
and capacitors wired in parallel to LPCs and output.   
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3.2 Modeling and simulations 
Modeling enables the formation of a virtual representation of devices that mimic the behavior of 
real-world laser power converters. It provides a mean to extract LPC’s parameters unobtainable with 
measurements and further, if the used model accurately present physic mechanisms of the inner 
working of real-world devices, it makes possible to obtain in-depth understanding of various loss 
mechanisms and their influence on the LPCs performance. Additionally, it offers the development of 
mitigation strategies for the most deteriorating losses.       
3.2.1 Lumped model of LPCs 
I-V characteristics of the LPCs are commonly modeled with an equivalent two-diode electrical model, 
mathematically expressed by Eq. 3.2, where various loss mechanisms are included as lumped 
parameters (I01, I02, RS, RSH).  
 
 
Eq. 3.2 
Such a representation of the LPC’s electrical characteristic does not offer any physical explanation 
for individual loss mechanisms. Still, it enables us to quickly and easily quantitatively compare figures 
of merit among different LPCs and further, it can be used to provide a realistic I-V characteristic to 
electrical simulation tools such as SPICE. Lumped parameters are obtained iteratively, due to a 
transcendental nature of the Eq. 3.2., by finding the best fit between the measured I-V curve and the 
simulated I-V curve shaped by the set of lumped parameters; in this work, this was done with an open 
source software 2/3 diode fit [133,134].  
Since many sets of lumped parameters provide a good fit of the Eq. 3.2. to the measured I-V curve, 
special care should be taken to find the physically relevant parameters (e.g. n1 = 1, n2 = 2 in the 
majority of the cases, …). While a lumped model of the LPC’s I-V curve is adequate in some cases, a 
deep understanding of underlying loss mechanisms can be obtained only with more complex models, 
such as a distributed model.   
3.2.2 Distributed model of LPCs 
A distributed modeling approach is needed to accurately simulate the inherently complex geometry 
and consequently complex current flow in MIM LPCs. In this section, a general procedure how to 
establish such a model and how to preserve intact geometrical features of MIM LPCs is provided. The 
used approach mimics the distributed electrical models of conventional solar cells and modules, with 
adjustments for the specifics of the MIMs.  
𝑰 = 𝑰𝒑𝒉 − 𝑰𝟎𝟏  𝒆
𝒒 𝑽+𝑰𝑹𝑺 
𝒏𝟏𝒌𝑻 − 𝟏 − 𝑰𝟎𝟐  𝒆
𝒒 𝑽+𝑰𝑹𝑺 
𝒏𝟐𝒌𝑻 − 𝟏 −
𝑽 + 𝑰𝑹𝑺
𝑹𝑺𝑯
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A distributed electrical model consists of numerous elementary units connected with each other 
in a network by a resistive grid electrode and is able to provide an exact geometrical and functional 
representation of the modeled device. The role of the elementary unit depends on its position in the 
device; in our case, bulk photoactive areas are modeled with a standard two diode electrical PV model 
and non-photoactive elementary units are modeled with a resistance. A selection of representative 
elementary units within simplified representations of the distributed network model is shown in 
Figure 3.12. 
 
Figure 3.12: A simplified schematics of a distributed network model. Dashed rectangles mark four representative 
elementary units of the model: The orange box marks unshaded photo-active regions modeled with very high 
ohmic connections above the window. The contact resistance between the metal and window simulation 
electrodes is illustrated with a dark green resistor. A standard equivalent two diode electrical PV model including 
a series and shunt resistance models photoactive areas (dashed red and blue rectangle). Here, the current source 
representing the photo induced current is omitted where grid fingers and busbars (metallization) shade the pn-
junction (dashed blue rectangle). Resistive planar simulation electrodes connect all vertical elementary units to 
each other through nodes. A bottom electrode with a finite sheet resistance is implemented in the model to 
simulate a photo induced leakage current through the semi-insulating substrate. Source [57]. 
To preserve a geometrical complexity of MIM LPCs, the distributed numerical model was 
established similarly to the fabrication processes of the device. First, a stack of resistive electrodes 
was defined representing sheet resistances of the epitaxial (LCL + base, window + emitter) and 
metallization (front grid and busbars) layers. Furthermore, a bottom electrode with a finite sheet 
resistance was implemented to model a photo induced leakage current through a S.I.-substrate, as 
discussed in Ref. [59].  
Once the electrode stack was built, the geometry of the device and interconnections with the 
elementary units were established in the model. An elegant way, which enables implementation of 
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any arbitrary geometry, is to use digital images of the photolithographic masks as used for 
manufacturing of the device or adapted versions of them to preserve exact geometry and take into 
account grid finger and etch trench broadening or other differences between the nominal masks and 
the real manufactured device. In the areas defined by digital masks, passive or active connections are 
established between the resistive electrodes, with elementary units as outlined above. Between the 
LCL electrode and the window electrode, a two diode electrical PV model including series and shunt 
resistance is used to model the photoactive region of the LPC. The photo-generated current density is 
defined by integrating a set irradiance with the device’s spectral response. A resistive connection 
between the window electrode and top metal electrode simulates a contact resistance between 
metallization and semiconductor. The influence of additional layers in the epitaxial stack (e.g. thick 
window layer in LPC, tunnel diode, barrier layers, …) was implemented by increasing the series 
resistance of the two diode elementary units. Furthermore, the resistance of the topmost electrode 
in the non-metalized areas was set to a sufficiently high value to practically suppress the current flow 
but still maintained the simulation nodes for computational reasons. Last, in mesa regions all 
elementary units were replaced with sufficiently high resistors, again to accurately represent the 
device geometry without numerical convergence problems due to undefined boundary conditions. 
Modeling of terminals, busbars and a finger grid as well as the series interconnection of adjacent 
segments was done in a similar fashion. A low ohmic path for the current is provided in the regions 
where metallization is applied during the manufacturing of the device, by setting the sheet resistance 
to a corresponding value. Series interconnections between segments are achieved by providing a low 
ohmic vertical path between the top and bottom metallization at defined areas.  
As outlined above, a particular emphasis was put on the implementation of shunting between 
adjacent segments caused by a photo-induced leakage current through the semi-insulating GaAs 
substrate. From here on, rS.I.-GaAs is used as a symbol for this additional shunting losses to avoid 
confusion between losses due to shunting of the individual pn-junction, as also present in other types 
of PV devices (rSH, parallel resistance in the equivalent two diode model), and shunting between 
adjacent segments. It is essential to make that differentiation since the influence of shunting of the 
junction usually saturates with increasing irradiance, whereas this is not the case for photo-induced 
shunting between the segments if the semi-insulating GaAs is exposed to the impinging light. This 
shunting between segments is modeled as the reduced resistivity of semi-insulating GaAs electrode. 
The input parameter for the resistivity of the substrate under illumination rS.I.-GaAs was determined by 
iterative fitting of the input parameter (rS.I.-GaAs(G)) of the model, for each irradiance separately, until 
a good agreement between simulation results and measurements was reached (defined by a relative 
difference in the slope of the measured and simulated illuminated J-V curves at JSC below 2%).  
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Last but not least, in the diode model, we draw particular emphasis to the modeling of small area 
LPC MIMs with large perimeter to area (P/A) ratio. Here, perimeter recombination at the edges of the 
PV cells can significantly increase J02 recombination [135], especially when GaAs is used as PV material 
[136]. In the model this is taken into account by modeling J02 as:  
 
 
Eq. 3.3 
with J02b being the bulk and J02p the perimeter contribution to J02.  
  Following the general modeling procedure described above, a distributed electrical model of a 
six-segment GaAs laser power converter was implemented in the open source 2.5D photovoltaic 
simulation tool PVMOS [137]. PVMOS comes with a built-in adaptive meshing algorithm, which 
significantly shortens the simulation time especially for complex devices such as MIM LPCs. An 
adaptive meshing reduces the number of simulation nodes of homogeneous regions of the model (i.e. 
coarse meshing in these regions) whereas details of small features such as the metal front grid are 
preserved (modeled with a fine mesh). The digital images of the photolithographic masks used to 
define the geometrical representation of the modeled device, described below, are shown in Figure 
3.13, whereas benefits of an adaptive meshing are clearly seen in Figure 3.14. 
 
Figure 3.13: Inset: A subset of digital images of photolithographic masks used to define the model geometry of 
the investigated sample. The top row defines the segment geometry whereas the bottom row provides 
metallization and interconnections between segments. The black areas in the images represent areas where the 
specified feature is implemented in the model. Right: Top view of the device geometry as seen by PVMOS after 
implementation. Different colors represent regions with different elementary units in the modeled device. Source 
[57].  
𝐽02 = 𝐽02𝑏 +
𝑃
𝐴
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Figure 3.14: Top: An adaptive mesh applied to the whole simulated six-segment LPC. Bottom:  Detailed zoom-in 
on a central region of the modeled device. On the left, a regular mesh is seen, where all the features are modeled 
with an equidistancial mesh, resulting in an unnecessary complex computational problem. An adaptive mesh, 
seen on the left, simplifies a complexity of the model, by applying a coarse mesh to the homogenous regions of 
the device, whereas details are still preserved by utilizing a fine mesh where needed. 
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The described procedure has been applied to model a circular pie-shaped six-segment MIM GaAs 
based photovoltaic laser power converter pictured in Figure 3.15 and thoroughly described in [29,57]. 
The circular active area of the device has a diameter between the busbars of 2.08 mm and a 
corresponding designated area of 3.39 mm2. An individual segment area is 0.63 mm2 of which a 
cathode busbar covers 11.1% and 7.2% is covered by a metalized finger grid, resulting in a 0.52 mm2 
area per segment exposed to the impinging light. Majority of the electrical parameters used in the 
model were extracted with measurement procedures described at the beginning of this chapter and 
are listed, together with respective extraction methods, in Table 3.1. 
With the developed distributed model, electrical losses in the modeled device were studied in 
details and mitigation mechanisms for the most severe loss mechanisms are provided and described 
in the next chapter and Refs. [57,58] also found in the appendices D and C, respectively.  
          
 
 
Figure 3.15: Left: A colored photography of the investigated GaAs six-segment MIM LPC. Series interconnections 
between the segments are marked with black arrows and red lines mark the isolation trenches. Dark green color 
marks segment anodes, whereas dark blue color marks segment cathodes. The remaining inactive area outside 
the device (mesa area) is greyed out. Plus and minus signs mark the areas where external terminals are provided. 
Source [59]. Right: A conceptual cross section of the investigated MIM LPC model showing two series connected 
PV segments and various resistive loss components (see text and Table 3.1). An electrical diagram illustrates the 
primary current flow (green arrows) and the photo induced shunting mechanism through the semi-insulating 
GaAs substrate (red arrows). Note that the series interconnection as indicated in this conceptual figure is only 
established outside of the circular active cell area indicated by black arrows in the photograph. For the remaining 
parts of the trenches (red lines on the left) no metallization is present and the semi-insulating substrate is exposed 
to impinging light. 
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Table 3.1: List of input parameters for the model and respective extraction methods. Source [57]. 
Parameter Value Description Extraction method and comment 
rFINGERS 
[Ω/□] 
7.83E-3 The sheet resistance of grid fingers. 
Calculated from a measured resistance of the test structure 
manufactured on the same wafer as the studied MIM LPC, the 
test structure width and length and cross-section of the finger. 
rBUSBAR 
[Ω/□] 
3.92E-3 The sheet resistance of busbars. 
Same as a finger. Note that the busbar value is 2 times lower 
since fingers have a trapezoidal cross-section and consequently a 
smaller cross-sectional area. 
rCONTACT  
[Ω cm²] 
6.42E-5 
The specific contact resistance 
between front metallization and 
window. 
Measured with a transmission line method on dedicated test 
structures manufactured on the same wafer as the studied MIM 
LPC. 
rWINDOW  
[Ω/□] 
69.1 
The sheet resistance of window plus 
emitter layers.  
Measured with a transmission line method on dedicated test 
structures manufactured on the same wafer as the studied MIM 
LPC. 
rVERTICAL 
[Ω cm²] 
2.26E-4 
Combined area-weighted resistance 
of epitaxial layers for a vertical 
current flow through the 
semiconductor epitaxial stack. 
Calculated based on nominal doping and layers thicknesses and 
literature values for the mobility of majority carriers in the 
different materials [138]. This is included in the distributed 
model as a series resistance in the two diode electrical model. 
rLCL 
[Ω/□] 
3.28 
The sheet resistance of the lateral 
conduction layer. 
Measured with a transmission line method on dedicated test 
structures manufactured on the same wafer as the studied MIM 
LPC. 
    
rS.I.-GaAs  
[Ω/□]  
max 
  – 
min 
 
1.52E6 
     – 
4.05E4 
The resistivity of a semi-insulating 
GaAs substrate under illumination 
(lowest – highest irradiance). 
The sheet resistance of a semi-insulating GaAs substrate in the 
mesa areas where the substrate is exposed to impinging light 
[59]. Obtained iteratively, for each irradiance separately, by 
fitting the modeled slope of the J-V curve to the measured J-V 
curve at JSC, until an agreement between simulations results and 
measurements was reached (a relative difference in the slope of 
the measured and simulated illuminated J-V curves at JSC is 
below 2%). 
rS.I.-GaAs-dark  
[Ω/□]  
1E8 
The resistivity of a semi-insulating 
GaAs substrate in the dark. 
Literature value [139]. 
rSH 
[Ω cm²] 
3.5E6 
Area-weighted shunt resistance 
connected in parallel to the two 
diode electrical PV model. 
Extracted from the measured dark J-V curve in reverse voltage 
region. 
    
n1  1 
Ideality factor for the first diode in 
two diode PV model (neutral region). 
Preset. 
n2b 2 
Ideality factor for the second diode 
in two diode PV model (depletion 
zone). 
Preset. 
n2p 2 
Ideality factor for the second diode 
in two diode PV model (perimeter). 
Preset. 
J01 
[A/cm2] 
5E-20 
Saturation current density for the 
first diode in two diode PV model 
(neutral region). 
Fitted to Jsc-Voc pairs from illuminated J-V measurements data 
point at high irradiances (48.1 to 83.1 W/cm2 at λ0 = 809 nm). 
J02  
[A/cm2] 
4E-11 
Saturation current density for the 
second diode in two diode PV model 
(depletion zone + perimeter 
recombination). 
Extracted from the measured dark J-V curve at forward bias at 
medium voltages (5.3 V-6.3 V). 
J02b  
[A/cm2] 
2E-11 
Bulk component of the saturation 
current density for the second diode 
in two diode PV model (depletion 
zone). 
Literature value [140]. 
J02p  
[A/cm] 
5E-12 
 
Perimeter component of the 
saturation current density for the 
second diode in two diode PV model 
(perimeter recombination). 
Calculated from J02, J02b, area of the pn-junction and perimeter of 
the pn-junction using Eq. 3.3. (perimeter/area ratio of the 
studied device (P/A=57 cm-1)). 
    
Eg  
[eV] 
1.42 Bandgap of GaAs at 300 K Literature value [141].   
SR  
[A/W] 
0.54 Spectral response at λ0 = 809 nm 
Measured with a double-monochromator [142] on a specific test 
cell with conventional PV cell architecture manufactured on the 
same wafer and corrected for grid shading of the actual sample.  
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3.2.3 Modeling and simulation of a current mismatch 
Another computer model was developed in ImageJ [126] to calculate the ISC of every segment of a 
radial MIM LPCs, illuminated with an arbitrary beam profile, to study the influence of a current 
mismatch in such devices. In this model, the segment current is calculated as the convolution of spatial 
irradiance and spectral response for every position of the MIM LPC in the beam, as suggested in [129]. 
From that a normalized spatial map of the current mismatch ISC mis. can be obtained as:  
 
 
Eq. 3.4 
where the numerator presents the ISC of the least illuminated segment for the respective x, y position 
of the MIM LPC in the beam and the denominator (ISC@opt) presents ISC of the device for the current 
matched conditions.  
The current mismatch model was experimentally verified by comparing the simulated spatial maps 
and their characteristic line scans and the same attributes of the measured current mismatch spatial 
maps (described in 3.1.8) for the six-segment MIM LPC. 
3.2.4 Modeling of a current balancing circuit 
A model to simulate an idealized behavior of a current balancing approach to mitigate current 
mismatch losses in multi-segment LPCs was developed in LTSpice [143]. To study the idealized 
behavior of a current balancing circuit, all its electrical components (inductor, capacitor, switches) 
were modeled with idealized electrical elements. On the contrary, I-V curves of the two single junction 
single segment LPCs connected in a series (presenting a two-segment LPC) were modeled realistically. 
For this, necessary parameters for the LPC model have been extracted from the measured I-V curves 
according to procedures described in 3.2.1. and entered in LTSpice as an arbitrary behavior current 
source, according to the Eq. 3.2, where RS and RSH were included as individual resistors. Such an 
approach enabled us to study maximum performance gains of a current balancing approach, where 
all electrical power losses are caused only by the LPCs and the current balancing circuit does not induce 
any additional parasitic losses.       
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3.3 Conclusions 
This chapter presented and discussed methodological steps to study end performance of LPCs 
(focusing on the multi segment devices) and supporting electronics presented in PoF systems. 
Presented procedures cover both experimental and modeling techniques, extending from 
rudimentary to advanced characterization concepts. In the experimental part, the requirements to 
accurately determine the LPCs’ conversion efficiencies and other figures of merit were pointed out. 
Further, methods to extract the physical parameters of the basic building blocks of LPCs were 
presented and the importance of advanced characterization techniques (such as EL, LBIC, …) were 
discussed. Additionally, procedures to characterize DC/DC upconverter efficiency and an active 
current balancing of MIM LPCs were covered in the experimental part of this chapter. Based on the 
experiments, computer models were developed, to study the severity of individual loss mechanisms 
on the end performance of the LPCs and PoF systems.  
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4. Results and discussion  
The conversion efficiency of all photovoltaic devices, including laser power converters, is impaired by 
optical and electrical losses. Mitigation of optical losses in PV devices illuminated with monochromatic 
is much easier compared to a broadband illumination. In LPCs the optical losses usually arise due to 
illumination of non-photoactive area (e.g. finger grid metallization, isolation trenches, …); for MIM 
LPCs, optical losses were studied in [56] found in the Appendix B. Therefore, this chapter focusses on 
electrical losses presented in the MIM LPCs, divided into the recombination, shunting and Joule 
heating losses related to series resistance, as depicted in Figure 4.1. Since I published many findings 
on electrical losses in MIMs [54,56–59,110,144–149], here, only unpublished results are presented 
and discussed, while the most prominent previously reported discoveries are reprinted in the 
appendices A-F of this thesis. 
 
Figure 4.1: A conceptual cross-section of a MIM PV device, showing the series interconnection between 
photoactive segments. Various electrical loss mechanisms as described and discussed in details in this thesis are 
shown in places of their origin. Adapted from [56]. 
Additionally, in the second part of this chapter, supporting electronics for LPCs in PoF systems are 
evaluated. First, the evaluation of the best-in-class, commercially available DC/DC upconverters is 
presented and later an active current balancing approach, mitigating current mismatch losses is 
discussed in details. 
All the results presented and discussed here were obtained with an experimental and 
modeling/simulation methodological procedures presented in the previous chapter of this thesis. 
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4.1 Electrical loss mechanisms in multi-segment (MIM) LPCs 
Electrical losses in PV devices, including LPCs, can be systematically classified according to the physics 
behind their origin and can be grouped into: 
• shunting losses, 
• Joule heating losses related to series resistance, 
• minority carrier recombination losses and 
• current mismatch losses in multi-segment and multi-junction LPC designs. 
The severity of an individual loss mechanism on LPC’s performance depends on particular device 
design and further varies significantly with illumination and other operating conditions. For example, 
for the homogeneously illuminated studied six-segment GaAs MIM LPC, presented in the previous 
chapter, such an influence can be seen in Figure 4.2, showing efficiency η as a function of 
monochromatic irradiance (λ0 = 809 nm). Here, different efficiency curves were obtained with a 
validated model, where for an individual curve the dedicated loss mechanism was excluded from the 
model. It can be clearly observed that with a changing irradiance level different loss dominates the 
device performance.      
 
Figure 4.2: Simulated efficiency curves of the modeled six-segment LPC as a function of monochromatic irradiance 
(λ0 = 809 nm) showing the influence of different loss mechanisms on the device performance. Yellow curve 
presents an efficiency of the device with all losses included, whereas for other presented curves one dedicated 
loss mechanism was excluded from the model (blue triangles: series resistance, green squares: shunting between 
segments, purple diamonds: perimeter recombination). Red circles on the yellow curve mark three distinct 
irradiance cases used in further analyses. Symbols mark simulated data points, whereas lines serve as a visual 
guideline. Modified from [57]. 
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Although the absolute values of the η and the exact shape of an efficiency curve depend on the 
specific device, underlying loss mechanisms will be similar for every small area GaAs MIM LPCs. 
Consequently, also an individual loss mechanism will deteriorate the performance of such devices 
similarly. In the following subparagraphs, every listed electrical loss mechanism is studied in details 
with a variety of methods described in the previous chapter. A systematic loss analysis is carried out 
to find the most deteriorating ones, and as a result of this study mitigation strategies are proposed to 
increase the performance of MIM LPCs toward their theoretical limits [110]. 
4.1.1 Shunting losses  
Shunting in PV devices is a result of an undesirable path for the photogenerated current flow in the 
device. Such a current path is typically established as an ohmic or Schottky-type connection through 
pn-junctions due to defects or impurities in the structure [150,151]. However, for high-quality devices 
(including all discussed LPCs), the influence of such junction shunting (RSH-pn) is negligible [152,153]. 
Still, in GaAs MIM LPCs grown on a semi-insulating (S.I.) substrate, the parasitic current path can be 
established through the substrate between adjacent segments (RS.I.-GaAs) [59]. The inherently 
presented leakage current flow through the substrate (in µA range) is usually significant only under 
low irradiances resulting in low photo-induced currents (in µA range) and diminishes at higher 
irradiances with photo-induced currents in mA range or higher [154]. However, this is not the case for 
the shunt formed by a photo induced leakage current through the substrate [59].  
First experimental proof for the deteriorating photo-induced shunt in the S.I.-substrate can be 
clearly seen by comparing ISC normalized I-V curves of two different test LPCs (Figure 4.3). The two test 
samples utilize the same epitaxial stack and were manufactured with the same processes on the same 
wafer as other studied MIM LPCs. Here, no shunting behavior is seen for the device without isolation 
trenches (bottom in Figure 4.3), which additionally confirm that no junction shunting neither any other 
type of shunt is presented in studied devices. However, a consistent shunting is observed for the test 
device employing isolation trenches down to the substrate (top in Figure 4.3) for all studied 
irradiances.  
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Figure 4.3: ISC normalized I-V curves at different irradiances (here presented as a relative power of used laser)  of 
two different one-segment LPCs, manufactured with the MIM technology on the S.I.-substrate.  The top device 
employs isolation trenches (marked with red lines) where impinged light reaches the substrate, whereas the 
bottom device has no isolation trenches. For the bottom device, no photo-induced neither any other type of 
shunting is observed.  
An experimental indication of an increased leakage current through the S.I.-substrate with an 
increasing irradiance for complete GaAs MIM LPCs can be seen in Figure 4.4, shoving I-V behavior of 
the illuminated six-segment MIM LPC at different irradiances, where ISC was subtracted from the 
measured I-V curves. In that way, leakage current through the S.I.-substrate is implicitly measured. 
Note that no pronounced shunting behavior is seen in the dark I-V curve of the same device plotted 
in the same figure.  
Additionally, leakage current through the substrate of the same LPC was directly measured by 
breaking one of the series connections bridges between the adjacent segments. The “modified” device 
was illuminated and the current flowing through the external terminals was measured at zero bias 
voltage; due to the potential difference, produced by electrically disconnected junctions – effectively 
VOC conditions – current will flow through measuring device, even without external electrical bias. As 
plotted in the right of Figure 4.4 almost linear relation between irradiance and directly measured 
leakage current is observed. 
 Such almost linear behavior of the photo-induced leakage current (Ileakage) is caused by a reciprocal 
relationship between irradiance and S.I.-substrate resistivity, which was additionally and 
independently confirmed by measuring the resistivity of S.I.-substrate test TLM structure [155]. The 
similar reciprocal behavior is also observed by extracting the RSH with the lumped two diode equivalent 
model from the measured illuminated I-V curves of finished two- and six-segment MIM LPCs at various 
irradiances as seen in Figure 4.5. 
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Figure 4.4: Left: Isc subtracted I-V curves of the six-segment MIM LPC in the dark (0 W/cm2) and under 
homogeneous monochromatic illumination (λ0 = 809 nm) at various irradiances. With an increasing irradiance, 
the shunting becomes more pronounced. Adapted from [59]. Right: Measured leakage current through the 
substrate of the six-segment LPC with an intentionally broken one of the series connections bridges between the 
adjacent segments. Symbols mark measured data points, whereas lines serve as a visual guideline. 
 
Figure 4.5: Measured irradiance dependence of the normalized static resistance (RS.I.-GaAs) and normalized Rsh for 
two- and six-segment MIM LPCs. A curve fit to the Rsh of six-segment MIM data shows a reciprocal relation 
between irradiance and shunt, caused by to the photo-induced leakage current through the S.I.-GaAs substrate. 
Adapted from [59]. 
Interestingly, a photo induced conductivity of the S.I.-substrate (RS.I.-GaAs) can also be consistently 
observed in the LBIC measurements if the specimen is forward electrically biased. When the 
photoactive area is illuminated the current flows in one direction, but when the S.I.-substrate is 
illuminated in the area of isolation trenches, the flow of the current reverse direction due to applied 
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voltage bias. Such behavior is measured with a lock-in amplifier as a 180° change of the phase of the 
measured current, amplitude modulated by a modulated laser light, as seen in Figure 4.6. 
 
Figure 4.6: Measured phase of the LBIC signal, for the six-segment MIM LPC, recorded with the lock-in amplifier 
shows that in the isolation trench areas, where amplitude modulated laser directly impinges on the S.I.-substrate, 
current flow reverses direction (180° shift in the phase of the recorded signal). Origin of a such a phenomenon 
is sketched with the equivalent circuit on the right. 
The influence of photo induced shunting on the performance MIM LPCs for two- and six- segment 
MIM LPCs was experimentally studied with a shading experiment described in the previous chapter 
and obtained results were published in [59] found in the Appendix E. It was found that shading of the 
isolation trenches reduces the leakage current through the substrate and consequently larger VOC and 
FF were observed in such cases. Consequently, photo-induced shunting reduces VOC and FF and 
therefore, also the conversion efficiency of such devices.  
Moreover, with an increasing number of segments in MIM LPCs, the shunting behavior is more 
pronounced as seen in Figure 4.7, showing I-V curves normalized to ISC (middle) and also normalized 
to ISC with voltage divided by the number of segments (bottom) of two-, four- and six-segment GaAs 
LPCs illuminated with the same irradiance. There are two reasons for an increased shunt with an 
increasing number of segments. First, devices with more segments have an increased trench area and 
consequently, more substrate is exposed to the impinging light. Secondly, with an increasing number 
of segments, the output voltage is increased, which consequently increase the leakage current 
through the substrate (increased slope in the RSH region) [59] and additionally the voltage region to 
which RSH behavior extends is prolonged.  
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Figure 4.7: Measured I-V curves normalized to the ISC (middle) and normalized to ISC with the voltage divided by a 
number of segments (bottom) to of two-, four- and six-segment GaAs MIM LPCs of the same size and without 
finger grid metallization, illuminated with the irradiance. With an increasing number of segments and 
consequently increased isolation trench area and increased output voltages, influence of the photo-induced 
shunting is more pronounced.  
A quantitative impact of the photo-induced shunting on the η of the six-segment MIM LPC was 
studied with the developed distributed model since an experimental procedure was not conceivable. 
It was found out that linear relation between the photo-induced leakage current through the substrate 
and an irradiance reduces the studied device efficiency equally for all irradiances by ≈1.2% absolute 
as seen in Figure 4.8. 
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Figure 4.8: Simulated efficiency curves of the six-segment MIM LPC, quantitatively showing that photo-induced 
shunting through S.I.-substrate decreases MIM LPC’s efficiency equally for all the irradiances due to a reciprocal 
relation between the substrate resistivity and an irradiance.  
4.1.2 Series resistance losses – Joule heating 
Series resistance losses in LPCs, as in all PV devices, arise due to a current flow in semiconductor and 
metal structures with a finite conductance, which results in a Joule heating of the device. On the 
contrary to the single origin shunting losses in the case of MIM LPCs, series resistance losses constitute 
of many different components. Unfortunately, only a combined series resistance is obtainable from 
the illuminated and dark I-V curves; in an equivalent lumped electrical circuit express as RS. 
Consequently, a contribution of the individual resistive loss component on the device performance 
cannot be studied experimentally. Nevertheless, characteristic curves and figures of merit of different 
LPCs allow for a comparative study of the influence of various devices’ features on series resistance 
losses.   
For example, the influence of three different designs of a metal front finger grid on the 
performance of two segment MIM LPCs is shown in Figure 4.9. Such an analysis implicitly shows the 
influence of resistive losses due to a lateral current flow in the top layers of the MIM LPCs. All LPCs 
presented have a diameter between the busbars of 2.08 mm with corresponding designated area 
≈3.4 mm2 and epitaxial stack the same as the six-segment LPC presented in the previous chapter. For 
the first specimen (marked 2La), finger grid was completely omitted from the design (grid shading = 
0%), for the second one (2Le) the finger grid covers 1.7% of the designated area and for the third one 
(2Li) 5.3%. From the illuminated I-V curves at three different irradiances, we can clearly observe that 
a finger design strongly influences the current-voltage behavior of such devices. For the lowest 
presented irradiance G = 1.5 W/cm2, all studied devices perform almost equally. For the medium 
irradiance G = 49.5 W/cm2, we can clearly see the influence of grid shading on the ISC, whereas there 
is a little to no influence of the grid design on the VOC, for all the presented irradiances. Further, for 
the medium irradiance, 2La already exhibit highly “deformed” I-V curve due to a missing finger grid, 
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since all the current in the top of the device must flow laterally through a relatively high resistive 
semiconductor window layer. Such a deteriorated behavior is further pronounced for the highest 
presented irradiance G = 49.5 W/cm2, where the influence of the RS for the 2La is so high that it starts 
to limit the ISC as clearly observed in the ISC(G) plot. Additionally, at the highest input irradiance, for 
the dense finger grid design (2Li), performance loss due to finger grid shading (reduced ISC) is 
compensated by increased FF, compared to the 2Le design. The impact of the finger grid design on 
the RS can be also consistently observed in the dark I-V curves at large electrical bias. In conclusion, 
series resistance losses will be greatly influenced by the finger grid design; omitting it completely, is 
beneficial only at the lowest irradiances (not studied here due to drawbacks of the used measurement 
system), sparse finger design is recommended for the “medium” irradiances, whereas for the “high” 
irradiance, dense finger grid design should be employed.  
Another interesting observations of the influence of RS on a MIM LPC’s performance can be made 
by comparing two devices with the same designated area, illuminated with the same irradiances, but 
with different numbers of segments. In Figure 4.10, characteristic curves of two- and four-segment 
MIM LPCs with a diameter of 2.08 mm (designated area ≈3.4 mm2) and the same epitaxial stack, are 
presented. Neither specimen has front metallization, to avoid the influence of the finger grid design. 
Even though that by increasing the number of segments by factor two, the current decreases by the 
same factor, the power at the output for both designs is the same at the same irradiance. The 
explanation for that can be found by comparing the J-V curves, with voltage normalized to the number 
of segments, as plotted in the bottom in Figure 4.10. For the same irradiance, only slight deviations 
(different isolation trench area) of the J-V curves of the two specimens are seen. Therefore, it can be 
concluded that resistive power losses in MIM LPCs are related to the current density (𝑃𝑅𝑆 ∝ 𝐽
2𝑅𝑆), 
rather than to the absolute current (𝑃𝑅𝑆 𝐼
2𝑅𝑆 ), as is the common belief. Consequently, to increase 
the performance of the MIM LPCs limited by resistive losses RS, irradiance connected J should be 
decreased, by increasing the size of the LPC.  
The importance of increasing the size of RS limited MIM LPCs to achieve better high power 
performance is seen in Figure 4.11. Here, three four-segment MIM LPCs of different designated areas 
(4Sa ≈ 0.79 mm2, 4Ma ≈ 1.8 mm2, 4La ≈ 3.4 mm2), produce the same current when illuminated with 
the same input power ISC(Pin) where Pin = irradiance · area, however for the same input power the 
current density is decreased with an increasing area - JSC(Pin). That leads to a performance boost, 
especially with an increasing demand for a load power as seen in the bottommost plot showing 
FF(Pmpp). 
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Figure 4.9: Measured performance curves of three different two-segment MIM LPCs with the same designated 
area but different metal finger grid design. With an increasing finger grid density, resistive losses decrease and 
consequently, the end performance is boosted.  
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Figure 4.10: Measured ISC(G), Pmpp(G) and J-V curves normalized to the segment voltage for two- and four-segment 
MIM LPCs with the same designated area and without a finger grid metallization. With an increasing number of 
segments, resistive losses stay the same since they are related to the current density rather than to the absolute 
value of the current.  
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Figure 4.11: Measured ISC(Pin), JSC(Pin) and FF(Pmpp) for three four-segment MIM LPCs with different sizes 
(4Sa - 0.79 mm2, 4Ma - 1.8 mm2, 4La – 3.4 mm2) showing that the resistive losses and connected performances 
are in correlation with the current density rather than with the absolute value of the current. Consequently, to 
increase the performance parameters of RS limited MIM LPCs, size of the LPC should be increased. Symbols mark 
measured data points, whereas lines serve as a visual guideline. 
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Comparative analyses of characteristic curves and parameters of various MIM LPCs showed the 
influence of series resistance only as a lumped parameter. However, to better understand LPCs 
performance behavior, distributed nature of the resistive losses should be considered.  
A qualitative assessment of the finger grid density on the distributed nature of resistive losses at 
various illumination can be deduced from electroluminescence (EL) spatial maps. For example, Figure 
4.12 shows spatial maps of three two-segment MIM LPCs, featuring different grid design, at three 
different forward electrical bias conditions. A finger grid metallization is clearly seen in the 
micrographs of the studied MIMs in the topmost row and colored horizontal lines mark regions for 
characteristic line scans presented in plots. In the rightmost column, plots of normalized EL signals 
from line scans are shown for all three designs at a specific fixed electrical bias condition, whereas the 
bottommost row shows normalized EL line scan signals for a specific design at various biases. All line 
scan plots were obtained from the presented EL spatial maps, individually normalized to the maximum 
value of the measured EL images, as marked with calibration bars in the images. Please note that for 
all presented LPCs, pn-junction area of one segment is slightly smaller than pn-junction area of the 
other one and therefore EL signal from the smaller segment is consistently larger. Also, some specks 
can be observed on the EL images produced by the dust on the camera sensor. 
From the analysis of the EL images and the respective line scans, various features can be observed. 
Under a forward electrical bias of MIM LPCs, voltage drops from the busbar toward the center of the 
device due to the lateral flow of the injected current in the top (window || emitter || metallization) 
and the bottom (base || LCL) of the device. Consequently, a voltage across the pn-junction is reduced 
and consequently EL signal drops [156] from the busbar towards the center of LPCs. Under low 
electrical bias (Vbias ≈ 2 V, Ibias ≈ 0.84 mA), no significant drop of the EL signal is observed for any design 
(the first plot on the right) since the performance of presented LPCs is not yet series resistance limited. 
With an increasing electrical bias (middle plot on the right side, Vbias ≈ 2.2 V, Ibias ≈ 7.5 mA), series 
resistance starts to limit devices’ performance, and consequently, a decline of the EL signal from the 
busbar towards the center becomes noticeable; such a behavior is the most pronounced for the 2La 
design without a metallized finger grid. At the largest presented bias (Vbias ≈ 2.5 V, Ibias ≈ 84 mA), a drop 
of the EL signal toward the center is extremely pronounced for the 2La design and interestingly, for 
both 2Le and 2Li, very similar drop of the EL signal is observed. The voltage drop from the lateral 
current flow above and below pn-junction contribute to the reduced junction voltage towards the 
center of the device in the same manner and connected EL signal corresponds to the voltage drop in 
both layers. For the 2La design, all the lateral current flow in the top of the LPC occurs in relatively 
high resistive semiconductor layers (window || emitter) whereas for the other two design lateral 
current flow above pn-junction is reinforced by the finger grid metallization. For the 2La LPC, a 
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combined sheet resistance of the top layers has considerably larger sheet resistance than a combined 
sheet resistance of the bottom layers. Therefore, the behavior of the EL signal is dominated by the top 
layers. For 2Le and 2Li LPCs, the lateral current flow through bottom layers is a dominant resistive loss 
mechanism since the metalized finger grid reduces a combined sheet resistance for the current flow 
in the top of such devices. Consequently, presented line scans of EL signals for those two designs under 
large bias are the same since they are dominated by the same bottom layers’ sheet resistance.  
Spatial maps of voltages of individual layers of the LPCs under illumination cannot be 
experimentally directly measured but can be alternatively obtained from the developed distributed 
model as seen in Figure 4.13. Here, a spatial distribution of voltage in top and bottom layers and 
pn-junction voltages Vj are presented for three different irradiances (1.8, 13.2 and 83.1 W/cm2 of a 
homogeneous monochromatic illumination λ0 = 809 nm) at maximal power point conditions for the 
six-segment MIM LPC with a finger grid optimized for a high irradiance. For each case, voltage profiles 
are individually normalized to the maximum value, as indicated with calibration bars; note that values 
of Vj differ from the rest. Plots present voltage profiles from representative line scans, indicated with 
colored lines in the topmost row.  
For the lowest presented irradiance, the voltage across the top layers and Vj are homogeneous, 
whereas a slight drop of the voltage from the edge towards the center is already observable in for 
bottom layers. This indicates, that Joule heating in the LCL already slightly deteriorates the 
performance at such illumination conditions; even though it is negligible compared to the perimeter 
recombination loss, as indicated in Figure 4.2 and discussed in the next subparagraph. With an 
increasing irradiance, the voltage drop across the top surface starts to become noticeable, especially 
in between two fingers, since current must flow laterally through the semiconductor window and 
emitter towards low ohmic finger grid. Also, a voltage across the junction is not homogeneous 
anymore, which induces further lateral current flow and cause additional distributed series resistive 
losses. With further increase of irradiance, inhomogeneities of all presented voltage profiles are 
further pronounced and the performance of the studied six-segment MIM LPC is severely deteriorated 
by distributed series resistance losses at high irradiances. From this analysis, it can be seen that a 
lateral current flow through the semiconductor LCL is the major contributor to the series resistance 
connected Joule heating in the MIM LPCs, regardless of the irradiance and the finger grid design. 
Consistently, the experimentally obtained EL line scans presented above, at the highest injected 
current of the 2Le and 2Li were the same, since the drop of the voltage in the bottom layers completely 
masked the voltage drop contribution of the top layers.   
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Figure 4.12: Measured normalized EL spatial maps of three different two-segment MIM LPCs, featuring different 
grid design as a function of an electrical bias. Scale for all images is the same as seen in the calibration bar at the 
left of the bottom row. Plots show respective line scans, marked in the topmost row. On the right, comparable 
line scans are presented for three different designs at fixed forward electrical bias, whereas the bottom row shows 
the same line scans for design as a function of an electrical bias. Please note that for all presented LPCs pn-junction 
area of one segment is slightly smaller than pn-junction area of the other one and therefore EL signal from the 
smaller segment is consistently larger. Also, some specks can be observed on the EL images, coming from the dust 
on the camera sensor.  
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Figure 4.13: Simulated normalized voltage spatial maps of the six-segment MIM LPC for top layers (left column), 
bottom layers (middle column) and junction voltage (right column) for three irradiance cases with calibration bar 
for every column seen at the top. Plots show respective line scans, marked in the topmost row. On the right, 
comparable line scans are presented for three different layers at fixed irradiances, whereas bottommost row 
shows the same line scans for specific layers as a function of irradiance.    
The deteriorating effect of the lateral current flow in the bottom semiconductor layers 
(base || LCL) on the performance of MIM LPCs is further outlined by comparing a relative contribution 
of an individual resistive loss component (including shunting through the substrate) to overall resistive 
losses. The results for the analysis shown in Figure 4.14 were obtained with the distributed model for 
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the six-segment MIM LPC with a dense finger grid, for three different irradiance cases (low, optimal 
and high) marked with a red outlined circles in the efficiency plot of such device.  
It can be clearly seen that the influence of different components varies with an irradiance:  
• At low irradiance, the combined series resistive losses are relatively small (12%) and the majority 
of the resistive losses originates shunting through the substrate (rS.I.-GaAs).  
• At the irradiance where the peak efficiency is obtained the relative contribution of the rS.I.-GaAs is 
reduced, whereas a relative contribution of the Joule heating in the bottom semiconductor layers 
(LCL || BASE) becomes dominant.  
• At high irradiance, this effect is even more pronounced and more than 78% of an overall resistive 
loss is due to the lateral current flow in the LCL || BASE. Consistently with the analysis of a relative 
voltage drop in the top layers (presented above), a combined relative contribution of the resistive 
losses in the top layers is non-negligible at high irradiance (rWINDOW || EMITTER + rBUSBAR + rFINGERS + 
rCONTACT ≙ 10%), whereas the relative loss due to rS.I.-GaAs is reduced to 11%.  
 
 
Figure 4.14: Left: A simulated efficiency curve with including all losses for the six-segment MIM LPC with marked 
three distinctive irradiance cases. Symbols mark simulated data points, whereas lines serve as a visual guideline. 
Right: Simulated relative contributions of the individual resistive loss mechanism to the combined resistive power 
loss for the three considered irradiances. Adapted from [57].  
A sensitivity analysis was performed with the distributed model for the high monochromatic 
irradiance to study the influence of potential deviations of resistive parameters on the performance 
of the studied six-segment MIM LPC. To do so, each parameter was changed individually between 0.1 
and 10 times their “nominal” measured value, while all other parameters were kept constant.  
As can be observed in Figure 4.15, the performance is, as expected from previous analyses, the 
most sensitive to the change in rLCL. Reducing the sheet resistance of this layer by factor two would 
result in 15% larger output power while the increase of the rLCL by factor two would result in 22% less 
power available at the output.  
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A considerable gain in the performance of the device would also be achieved by reducing the effect 
of shunting by suppressing the leakage current through the substrate. Again, increasing the rS.I. -GaAs by 
factor two would result in a 1.5% relative increase of Pmpp while decreasing rS.I. –GaAs by the same factor 
would result in 2.7% decreased power at the maximum power point.  
 
 
Figure 4.15: A sensitivity analysis for all resistive parameters at a high monochromatic irradiance (G=83.1 W/cm2) 
for the six-segment MIM LPC. The abscissa shows the deviation factor x from “nominal” measured values. On the 
ordinate, the relative power change is plotted. Note that gain/loss for rLCL is presented on a second ordinate axis 
because of its much larger magnitude.  Symbols correspond to simulated data and lines serve only as a guide for 
the eye. 
From the comprehensive analysis of series resistive losses, we can conclude that Joule heating 
caused by the current flowing laterally through the bottom and top semiconductor layers significantly 
deteriorates the performance of MIM LPCs, especially at a high irradiance illumination. Since Joule 
heating losses are connected to the current density, rather than an absolute value of current, 
shortening the path for the current flow by making devices smaller, doesn’t reduce the series 
resistance losses connected to the lateral current flow, for the same expected output power. Further, 
mitigation of the overall series resistive losses, by decreasing a combined sheet resistance of the top 
layers by incorporating dense finger grid metallization, is only effective to a certain extent, since there 
is always a significant lateral current flow in the bottom semiconductor layers of the MIM LPCs. 
Overall, for MIM LPCs incorporating a dense finger grid to mitigate the losses in the top layers, the 
significance of Joule heating regions is in the following order: 
• base plus the lateral conduction layer – rLCL || BASE 
• window plus emitter layer – rWINDOW || EMITTER 
• the contact resistance between front metallization and semiconductor – rCONTACT 
• epitaxial layers for a vertical current flow through the active PV layers – rVERTICAL. 
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4.1.3 Recombination losses 
Several recombination mechanisms presented in the PV cells, including MIM LPCs, are normally 
classified by the region of their origin. Each such region is accompanied by its J0n and n and further, 
the absolute value of the distinct J0n correlates to its influence of distinct recombination region on the 
performance of the device with varying illumination. With the developed distributed model we found 
that the significance of recombination regions, for the six-segment MIM LPC, up to very high irradiance 
is in the following order (Figure 4.16) [57,135,136]: 
 Perimeter recombination (J02p, n=2) 
 Neutral region recombination (J01, n=1) 
 Depletion region recombination (J02b, n=2) 
 
Figure 4.16: An influence of perimeter (J02p) and bulk (J01) recombination regions on the simulated efficiency as a 
function of irradiance. Only at very high irradiances perimeter recombination saturates and the bulk of the crystal 
becomes the dominant recombination region. 
For the efficiency curves shown in the Figure 4.16, once J02p was set to the value of the J02b (=J02p 
excluded), once the J01 was reduced (=Reduced J01) from the extracted value (5E-20 A/cm2) to the value 
of the state-of-art GaAs PV cell (3E-20 A/cm2) [157] and lastly a combination of both improvements 
was studied (=Reduced J01 and J02p excluded). As clearly seen, perimeter recombination reduces the 
studied device efficiency up to 60 W/cm2 and only at very high irradiances perimeter recombination 
saturates and bulk recombination is the dominant recombination mechanism.  
segments perform better due to a reduced P/A ratio and consequently reduced perimeter 
recombination.  
The main reason for the dominance of perimeter recombination is a high perimeter to area ratio (P/A 
[cm-1]) of small area MIM LPCs. With an increasing number of segments also the P/A ratio increases 
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and consequently the influence of perimeter recombination is pronounced for devices with a large 
number of segments. This can be experimentally observed in the EL spatial maps of two-, four- and 
six-segment MIM LPCs with the same designated area as shown in Figure 4.17. Here, perimeter 
recombination results in a drop of EL signal around the edges of the segments, as discussed in [58], 
found in the Appendix C. Consequently, an effective perimeter region is increased with an increasing 
number of segments and the effective area of reduced EL emission is increased.  Also presented in the 
bottom plot in Figure 4.17, is the FF(Pin) individually normalized to the maximum value of FF for two-, 
four- and six-segment MIM LPCs. It can be seen that both at the highest and the lowest input powers, 
specimens with a smaller number of 
 
Figure 4.17: Measured normalized EL spatial maps of two-, four- and six-segment MIM LPCs showing decreased 
EL emission all around the edges due to perimeter recombination. With an increasing number of segments, an 
effective area influenced by perimeter recombination is increased. Again, pn-junction area of one segment is 
slightly larger than pn-junction areas of the other segments and therefore EL signal from larger segments is 
consistently smaller.  Further, specimens with a smaller number of segments perform better due to a reduced 
P/A ratio, as seen in the bottom plot at both the highest and the lowest light input powers. Symbols mark 
measured data points, whereas lines serve as a visual guideline.  
Another clear experimental indication of the influence of LPCs’ size and a number of segments on 
perimeter recombination can be seen in Figure 4.18, showing that with an increasing P/A ratio VOC per 
segment decreases. Here, VOC’s were extracted from illuminated I-V curves of a mixture of MIM LPCs, 
featuring different sizes with diameters  0.5, 0.75 and 1 mm and two-, four- and six-segments. All 
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were illuminated with a “low” irradiance (LP = 7% → G = 1.5 W/cm2) where perimeter recombination 
are dominant. Deviations from a linear course can be possibly explained by variation of shunting 
through the substrate for different MIM designs since both perimeter recombination and shunting 
influence the VOC.  
 
Figure 4.18: Measured VOC per segment of a variety of different MIM LPCs, featuring different P/A ratios, 
illuminated with approximately the same irradiance G. It can be seen that with an increasing P/A ratio, VOC per 
segment decreases almost linearly. 
The reason, why perimeter recombination are so damaging for the performance of the MIM LPCs, 
is revealed by a spatial map of power flow in the pn-junctions. In Figure 4.19, simulated power flow in 
the pn-junctions of the illuminated (G = 1.8 W/cm2) six-segment MIM LPC at Pmpp shows that all around 
the junction edges electrical power is actually consumed (P > 0) rather than being generated (P < 0). 
 
Figure 4.19: A simulated spatial map of power flow in the pn-junctions of the illuminated (G = 1.8 W/cm2) 
six-segment MIM LPC at Pmpp. All around the junction edges, electrical power is consumed (P > 0) rather than 
being generated (P < 0) as clearly seen in the zoomed-in rightmost image.  
In summary, perimeter recombination are the dominant recombination loss mechanism in small 
area GaAs MIM LPCs due to a large perimeter to area (P/A) ratio. They especially influence the device 
performance under low irradiance illumination, where series resistance losses are negligible. 
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Nevertheless, they also reduce the performance up to “very high” irradiances until perimeter 
recombination centers get saturated and the neutral region of the bulk crystal becomes the major 
recombination loss center.   
4.1.4 Mitigation strategies for electrical losses in GaAs MIM LPCs  
From the presented electrical loss analysis, several options to improve MIM LPCs performance can be 
proposed without making significant changes to device manufacturing and processing procedures. A 
quantitative impact of proposed improvements was studied with the developed distributed model for 
the six-segment MIM LPC and obtained efficiency curves are plotted in Figure 4.20 
 
Figure 4.20: Efficiency curves of potential improvements for the investigated six-segment LPC. Blue, grey and 
green curves show efficiencies for an improved individual device’s feature, whereas the red curve presents a 
device with all these improvements included. Purple triangles correspond to a newly envisioned thin-film inverted 
grown device with a back side metallization for lateral conduction and with an implemented back mirror. Symbols 
mark simulated data points, whereas lines serve as a visual guideline. Adapted from [57]. 
From the Figure 4.20, it can be concluded that: 
• passivation of the perimeter, namely the mesa edges and isolation trenches, would significantly 
improve the performance of small area GaAs MIM LPCs at low and medium irradiances. For the 
studied six-segment LPC up to 5%abs. the gain in efficiency can be expected as shown with blue 
squares in Figure 4.20. Chemical treatment with Trioctylphosphine Sulfide was recently proposed 
as a suitable method to passivate perimeter edges in small area GaAs solar cells [158] and would 
probably also work for GaAs MIM LPCs.   
• For medium and high irradiances, reduction of the sheet resistance of the lateral conduction layer 
rLCL would result in the most substantial improvement of the MIM LPCs’ performance. For 
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example, a reduction of rLCL by 50 % (grey crosses in Figure 4.20) would result in a performance 
gain of 14%rel. at the irradiance 83.1 W/cm2 for the six-segment LPC. With the current 
manufacturing processes, this can be only achieved by making already thick rLCL two times thicker. 
That would result in a much prolonged time for the epitaxial growth and possibly present changes 
for the etching of isolation trenches. Therefore, such a solution is rather impractical from a 
manufacturing point of view and another concept that completely omits the semiconductor LCL 
is presented below.  
• Suppression of the dominant shunting mechanism in the investigated devices – photo-induced 
leakage current through the S.I. substrate – would for the investigated six-segment device result 
in a 1.2 %abs. gain in efficiency for all irradiances (green diamonds in Figure 4.20). The influence of 
the reduced substrate resistivity on the performance could be possibly avoided either by adding 
absorptive or reflective features to the mesa isolation trench areas and consequently directly 
suppress the photo-induced conductivity in the S.I.-substrate. Alternatively, the leakage current 
flow between the segments could be prevented by introducing blocking diodes into the epitaxial 
stack structure. Here, pn-junctions of the blocking diodes should be designed to withstand the VOC 
in the reverse bias regime. Otherwise, a junction breakdown conditions would occur in the 
blocking diodes and the current would flow through a blocking diode. This will manifest itself in 
the I-V curves as “steps” in curves’ region influenced by RS.I.-GaAs as seen in Figure 4.21. 
• All the proposed changes (red dashes in Figure 4.20) would result in a six-segment MIM LPC with 
a peak efficiency of 57 % (at G = 13.2 W/cm2) which presents 5%abs. increase in efficiency 
compared to the current one and furthermore, the drop of efficiency with an increasing irradiance 
would be less deteriorating. 
Further improvement of the MIM LPCs can be achieved only by thoroughly changing the MIM LPC’s 
design and therefore manufacturing and processing steps. For example, one of the approaches is to 
implement inverted grow thin-film design as presented in [159]. This would enable us to gain access 
to a complete back side of the device. As such, the whole back surface could be metalized and the 
semiconductor LCL replaced with a metalized one and consequently, LCL losses would be significantly 
reduced. Furthermore, such a design would enable us to implement back surface mirror to exploit 
benefits of photon recycling [160,161]. Using the same geometry as the current six-segment device, a 
newly envisioned device would achieve efficiency over 60% for a broad range of an irradiance 
(5-85 W/cm2) with the peak efficiency approaching 62 % at G = 31 W/cm2 (purple triangles in Figure 
4.20). As such, MIM LPCs would offer a similar nominal performance as the other two competing LPC 
concepts.  
 
 4.  Results and discussion | 76 
 
 
Figure 4.21: Measured zoomed-in I-V curves normalized to the ISC for two different six-segment GaAs LPCs. The 
one presented with the blue curve is the same as the other multi-segment LPCs presented so far in this thesis. 
The one presented with the red curve features additional reverse biased blocking diodes between the 
S.I.-substrate and the LCL. Unfortunately, implemented blocking diodes were not designed to withstand the 
reverse bias voltage presented in such devices and consequently reverse break down occurred, seen as steps in 
the red I-V curves. 
4.1.5 Current mismatch losses 
Additional electrical losses not included in the analysis above are current mismatch losses arising when 
individual segments or junctions do not generate equal photocurrent. In MIM LPCs such conditions 
can occur when the power impinged on all segments is not equal or when the impinged light is not 
equally absorbed in all segments; e.g. an inhomogeneous absorptivity across the surface.  
LBIC spatial maps were measured to make sure that a current mismatch does not arise due to a 
surface variation of absorptivity. Figure 4.22 shows normalized LBIC spatial maps of a single segment 
LPC with a homogenous absorption across the surface and a single segment LPC where absorption 
across the surface varies, possibly due to an uneven AR coating or residues from the manufacturing 
of the device. Further, no pronounced deviations of absorptivity across the surface were found for 
analyzed MIMs LPCs as seen for four-segment MIM LPC in the rightmost image in Figure 4.22.   
 
Figure 4.22: Measured normalized LBIC spatial maps of single segment GaAs LPCs (left, center) and the 
four-segment GaAs MIM LPC. In the middle picture, a spatial inhomogeneity of the absorptivity across the surface 
is seen, possibly due to an uneven AR coating or residues from manufacturing. No pronounced deviation of 
absorptivity across the surface is seen for the presented four-segment MIM LPC. Here, diagonal line from the 
bottom left to the bottom right is a measurement artifact.  
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After it was established that a current mismatch does not occur due to an inhomogeneous 
absorption, the influence of unequal illumination of a MIM’s segments on the output current was 
studied. On the contrary to previous analyses where LPCs were illuminated homogeneously, to 
provide repeatable conditions and comparable results, here, more realistic (from PoF system point of 
view) Gaussian illumination was used for this analysis of a current mismatch. The aim of this study was 
to find how misalignment of a radially symmetrical Gaussian beam from the center of radial MIM LPCs 
influence the ISC and corresponding generated electrical power. As a quantitate figures of merit, the 
maximum acceptable misalignment was defined as MAM90 – maximum acceptable misalignment from 
the center where 90% of the ISC compared to an ISC@opt of optimally illuminated (current matched 
conditions) LPC is achieved [129]. 
First, the model, used to study the influence of a beam misalignment on a current mismatch, was 
validated by comparing the measured and simulated ISC mis. (x,y) spatial maps and representative line 
scans of the six-segment MIM LPC assuming a Gaussian beam illumination with 1% spillage - the 
amount of total beam power shining outside of the active aperture area. The deviation between 
normalized simulated and measured Isc mis. line scans for the range Isc mis./Isc@opt>0.3 is less than 0.2%, 
thus the model is experimentally validated.  
 As expected and seen in Figure 4.23, ISC is maximized - ISC@opt, when the LPC is positioned in the 
center of the beam. Off-center illumination quickly leads to a drop of the output current and further 
the drop of ISC depends on the direction of the misalignment. The best case misalignment axis is in the 
direction of isolation trenches and the worst case in-between two adjacent trenches.  
 
Figure 4.23: Left: A graphical representation of the drop of output current due to a misalignment of six-segment 
radially shaped MIM LPC assuming a Gaussian beam illumination with 1% spillage. Dotted white segmented circles 
represent the ideal centered position without the current mismatch (Isc@opt - current matched position), whereas 
the compass in the bottom left highlights the worst (red dashed arrows) and the best (green arrows) case axes 
regarding a misalignment. Right: Line scans through the center of the current misalignment spatial map for the 
worst and the best case axes. Marks present measured results while lines present simulation results. The shaded 
rectangle in the center represents a maximum acceptable misalignment tolerance (MAM90) for the studied device 
at specified conditions. Adapted from [56]. 
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After the misalignment model was verified, it was used to study the influence of beam 
misalignment for two-, four- and six-segment radial MIM LPCs (radiusLPC=1.04 mm) as seen in Figure 
4.24. Here, graphical normalized spatial representations of simulated current mismatches ISC mis. (x,y) 
are presented for a Gaussian beam illumination assuming 1% spillage. As noted above, for the worst 
case axis, the alignment positions of the MIM in the laser beam are the strictest since the displacement 
of the device from the center leads to the highest current loss, while for the best case axis an equal 
displacement yields the lowest current loss. Furthermore, for the two-segment MIM movement in the 
direction of the trenches does not result in any current mismatch at all, but the drop of current relates 
to the beam spillage. Consequently, for this case, the restriction for the MIM’s precise alignment in 
the beam is eased.  
 
Figure 4.24: (a) A normalized power density profile of a Gaussian beam assuming 1% spillage used in simulations 
of a current mismatch. A dashed white circle represents a designated area of studied radial pie-shaped MIM LPCs 
(radiusLPC = 1.04 mm), while arrows mark the coordinate system. (b), (c), (d) A graphical representation of the 
drop of short circuit current due to a misalignment for (b) two-, (c) four- and (d) six-segment MIM LPCs. Dotted 
white segmented circles represent the ideal centered position without current mismatch (Isc@opt), whereas the 
compass in the bottom left highlights the worst (red dashed arrows) and the best (green arrows) case axes 
regarding a misalignment.  
 4.  Results and discussion | 79 
 
Furthermore, Figure 4.25 shows the simulated MAM90 for the radial pie-shaped MIMs (illuminated 
with a Gaussian beam) as a function of a number of segments for different degrees of spillage and 
referring to a displacement along the worst case axis. Here, the ordinate is normalized to the radius 
to enable a comparable assessment for an arbitrarily sized radial MIM LPCs. An increasing number of 
segments tightens positioning tolerances, while increased spillage (=larger or broader beam spot) 
loosens them; on account of wasted beam power in the first place. For the most studied MIM LPC in 
this work, a six-segment one, with a radius of 1.04 mm and a beam spillage of 10%, a misalignment of 
only 22 µm already results in a current drop of 10%. For a beam spillage of 1% this value even drops 
to 14 µm. 
 
 
Figure 4.25: A plot of the maximum acceptable misalignment along the worst case axis that results in a 10% 
current drop (MAM90) for a radial pie-shaped MIMs illuminated with a Gaussian beam vs. a number of MIM’s 
segments. The ordinate is normalized to the LPC radius. Marks show the simulated data points for different 
spillage of the Gaussian beam and lines serve as a guide for the eye. 
In conclusion, a current mismatch due to a misalignment of the radially symmetrical beam relative 
to the center of the MIM LPC is a severe problem and a precise positioning in packaging of LPCs into 
the fiber receptacles must be achieved to realize a good performance on PoF system. It should be 
noted that misalignment losses also affect the cost of the end product, due to strict packaging 
tolerances.  
4.2 Performance of supporting electronics for PoF systems 
4.2.1 DC/DC upconversion 
The analysis of commercially available, best in class DC/DC upconverters was performed to explore 
if the PoF system efficiency benefits from the use of high voltage multi-segment or multi-junction 
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LPCs. To maintain the experimental conditions consistent as possible, only single- and two-segment 
LPCs were compared since they both require a voltage upconversion to power a majority of current 
generation electronic devices. Furthermore, on the contrary to a common notion in the literature that 
high voltage LPCs are used to directly power electronic devices, in end applications some sort of power 
condition circuit must be employed to regulate the voltage for the powered electronics/load; 
therefore, some losses due to a supporting electronic circuit should be always taken into account.  
The results obtained with the analysis (Figure 4.26) described in the previous chapter reveal that 
an upconversion efficiency over 80% is achievable for all studied conditions. Of the two DC/DC 
upconverters that support input voltages generated by single-segment GaAs LPC (1.1 V → 3.3 V), 
Texas Instrument’s TPS61021 [131] outperform Maxim Integrated MAX1797 [132]. More importantly, 
it can be seen that the DC/DC conversion efficiency ηDC/DC of the TPS61021 increases by approximately 
7%abs. and reaches roughly 92% when two-segment GaAs LPC is used as a power source. At higher 
output powers, even better performance is achieved with Texas Instrument’s TPS61090 [130] 
intended for input voltages over 1.8V, therefore only suitable for high voltage LPCs; here, almost 95% 
ηDC/DC (2.2 V → 3.3 V) is achieved for the highest tested output power.     
A lower peak conversion efficiency of the analyzed DC/DC converters when a single-segment GaAs 
LPC is used as a power source is not the only downside of such a concept. With an increasing power 
demand of a load (0.2 W for MAX1797 and 0.5 W for TPS61021), ηDC/DC steeply decreases after a 
certain output power. For the given output power, single-segment LPC must generate roughly twice 
the current compared to two-segment LPC, since single-segment LPC’s output voltage is roughly half 
the voltage of two-segment LPC as seen in Figure 4.27. Furthermore, due to increased series resistance 
losses (decreased FF) with an increased generated power, an operating voltage of a single-segment 
LPC exhibit more pronounced decline with an increasing demand for power. Consequently, to 
maintain the required output power, the current flowing in the DC/DC converter IDC/DC must increase 
superlinearly when the input voltage decreases. Such superlinear behavior of the IDC/DC is more 
pronounced for a single-segment LPC than for two-segment one and will lead to increased losses 
(𝑃𝑆𝑤𝑖𝑡𝑐ℎ 𝐷𝐶/𝐷𝐶 ∝ 𝐼
2𝑅𝑆𝑤𝑖𝑡ℎ 𝐷𝐶/𝐷𝐶) in a switching element of a DC/DC converter; the major losses in the 
DC/DC upconverters at high currents [162]. Overall, the nonlinearity of LPCs used as the a power 
source to DC/DC upconverter in PoF system will result in a reduced ηDC/DC compared to a linear power 
sources. Note that with an increasing demand for a power also ηDC/DC in a combination with 
two-segment LPC will show a similar decrease as is the case for a single-segment LPC and in such cases, 
a PoF system efficiency could be increased by employing even higher voltage LPCs. 
In conclusion, current generation of DC/DC upconverters exhibit high peak conversion efficiency 
ηDC/DC > 85% even for low input voltages (≈1.1 V) produced by the simplest GaAs LPCs, employing only 
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single pn-junction, whereas for the two-segment GaAs LPC (≈2.2 V) ηDC/DC rises to almost 95 %. In the 
case of a single-segment LPC, relatively high peak ηDC/DC is steeply reduced with an increasing demand 
for power since in such cases the dominant power loss mechanism in the DC/DC upconverter is in 
quadratic relation with the current flowing through it. Consequently, for high power demands (⪆ 0.5-
1 W) PoF system efficiency benefits from the use of multi-segment or multi-junction, high voltage, low 
current LPCs. 
 
 
Figure 4.26: Efficiencies ηDC/DC of three different best in class commercially available DC/DC upconverters (VDC/DC 
out ≈ 3.3 V) with single- (VDC/DC in ≈ 1.1 V) and two-segment (VDC/DC in ≈ 2.2 V) GaAs LPC used as a power source. The 
bottom abscissa presents a power consumption of a load, whereas top abscissas present approximate 
corresponding ISC for both single- and two-segment LPCs. Symbols mark measured data points, whereas lines 
serve as a visual guideline. 
 4.  Results and discussion | 82 
 
 
Figure 4.27: Left: Input voltage for the DC/DC upconverter for one and two segment LPC as a function of a load 
power. Right: Input current IDC/DC in and ISC for single- and two-segment LPC as a function of load power.  Due to 
series resistance losses, input voltage starts to decrease with increasing power and consequently IDC/DC in rises 
superlinearly which in return decreases ηDC/DC for large power consumptions. Symbols mark simulated data points, 
whereas lines serve as a visual guideline. 
4.2.2 Active current balancing  
To mitigate the influence of a current mismatch on the performance of multi-junction or 
multi-segment LPCs, an active current balancing circuit was proposed, implemented and evaluated, 
as described in the previous chapter. Further, SPICE simulations of an idealized current balancing 
circuits reveal a maximum potential performance gain of an active current balancing approach and 
reveal an inner working of a presented circuit.  
For the presented analysis two single-segment single-junction serially connected GaAs LPCs with 
matching characteristics were used, effectively acting like a two-segment GaAs MIM LPC, since a 
repeatable and well controlled experimental procedure employing two-segment MIM LPC was not 
conceivable. To obtain the results for the presented study, the ISC of one of the segments of the 
two-segment LPC was progressively decreased and ISC of the other segment was increased for the 
same amount; effectively an average ISC of both segments stayed constant. Such a condition is likely 
to occur in a real world for off the center illumination of an underilluminated multi-segment LPC since 
the laser power impinged on the LPC remains constant, only its’ distribution among segments is 
uneven. Further, the current mismatch in the following analysis is defined as a relative deviation of ISC 
of the current limiting segment from a nominal ISC@matched in the current matched conditions:  
  Eq. 4.1 
The influence of a current mismatch on the performance of two-segment LPC was evaluated by 
comparing Pmpp at specific mismatch conditions to a Pmpp@matched of the same LPCs in a current matched 
conditions for three different average ISC@matched - 1 mA, 10 mA, 100 mA.  
𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑚𝑖𝑠𝑐𝑎𝑡𝑐ℎ  % = 𝑎𝑏𝑠. (ISC@matched − 𝐼SC )/𝐼SC@matched  
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The measured influence of a current mismatch on the two-segment LPC performance, without any 
additional circuit connected to it, is shown with green curves in Figure 4.28 and red curves show the 
same dependence obtained with SPICE simulations. A good agreement between measurements and 
simulations results validate the used input parameters and lumped model of the two-segment LPC in 
SPICE. “Circuit discontented” curves in Figure 4.28 present only performance of the LPC for current 
mismatched conditions (without any additional circuitry connected to it) and show almost a linear 
relationship between the current mismatch and achievable output power (full black line). When the 
current balancing circuit is connected to the LPC but not active (circuit turned off – blue curves), 
resulting curves follow closely to the curves with the circuit disconnected up to a 50% current 
mismatch. For increasing current mismatch conditions, improved performance of such a connection 
is observed.   
 
Figure 4.28: Simulated and measured Pmpp/Pmpp@matched as a function of a current mismatch showing the 
performance of single-segment single-junction serially connected LPCs, acting like a two-segment LPC, under 
current mismatch conditions. Red curves present SPICE simulation results of two single-segment single-junction 
serially connected LPCs under current mismatch and without any additional circuit connected to them. Simulation 
results agree well with green curves presenting measurements of the same LPCs under same conditions, thus the 
used model is validated. Further, blue curves show measured results, when the developed current balancing 
circuit is connected to the LPCs but not active and full black line present the linear assumed dependence of 
Pmpp/Pmpp@matched (Current mismatch). Symbols mark simulated and measured data points, whereas lines serve as 
a visual guideline. 
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Above linear relation of the Pmpp/Pmpp@matched(Current mismatch) occurs due to slight increase of 
the Vppm(Cur. mis.), slight decrease of the VOC(Cur. mis.), whereas Impp(Cur. mis.) and ISC(Cur. mis.) 
exhibit linear dependence; such a combination effectively increases FF(Cur. mis.) as seen in the left 
plot in Figure 4.29. Consequently, Pmpp of a current limited multi-segment LPCs for a given average ISC 
is larger than Pmpp of a current matched multi-segment LPC for the same average ISC. In return, this 
results in a slightly above linear Pmpp/Pmpp@matched (Current mismatch) characteristic.  
Increased measured performance for a current mismatch > 50%, when the developed current 
balancing circuit is connected to the LPC but switched off, is a result of a current flowing through body 
diodes of MOSFETs used as switches. When the current mismatch is high enough, the voltage between 
the source and drain of the MOSFET parallel to the current limiting segment is sufficient to cause 
conduction through the body diode which effectively connects the segment with a higher ISC directly 
to the load. As plotted with blue curve in the right plot in Figure 4.29, such a connection will result in 
a “deformed” I-V curve with an ISC that equals ISC of the high current segment, instead of the expected 
I-V curve where the overall ISC is limited by the current limiting segment (green curve). With an 
increasing voltage, a body diode stops condcting and the overall current is then limited by the current 
liming segment. Interestingly, Pmpp of such a connection is achieved in a body diode conducting region 
(blue star) and is larger than Pmpp of the LPC without current balancing circuit connected to it (green 
star); end result is an increased performance for the large current mismatch conditions when the 
circuit is connected to the LPC but not active. Nevertheless, Vmpp of such a connection is achieved in a 
low voltage region and the benefit of a multi-segment LPC is therefore nullified.      
 
 
Figure 4.29: Left: Performance parameters of two single-segment single-junction serially connected GaAs LPCs, 
acting like a two-segment MIM LPC, for different current mismatch conditions without an active current balancing 
circuit. Note that FF and voltages increase with increasing current mismatch. Symbols mark measured data points, 
whereas lines serve as a visual guideline. Right: Measured I-V and P-V curves of the same LPCs at ISC@matched = 100 
mA. Note that for high current mismatches, the performance of the LPCs will be increased even if the current 
balancing circuit is turned off due to the flow of the current through a MOSFET’s body diode.  
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The performance of the two-segment LPC with a current balancing circuit active is seen in the 
Figure 4.30 for realistic measured conditions (empty symbols) and simulated idealized conditions (red 
filled symbols). For the simulations, the LPC characteristic was modeled realistically and only current 
balancing circuit was modeled with idealized components to study maximal potential gains of an 
optimized current balancing circuit. Additionally, for simulations, all the operating parameters were 
kept constant - 100 kHz modulation of the switches with 5 Vp-p and duty cycle 50%. For the presented 
measurement results these parameters were set prior to the final measurements, by experimentally 
finding the set of modulation parameters of MOSFET switches that resulted in a maximal output 
current at 2 V forward bias under 50% current mismatch for every studied ISC@matched separately.  
From the obtained idealized simulated results, it is apparent that with an active current balancing 
approach all the power generated by multi-segment LPCs can be extracted even for the highest 
current mismatch conditions. Unfortunately, realistic measured performance gains obtained with the 
un-optimized developed active current balancing circuit are not as high. Here: 
• for ISC@matched = 100 mA, over 95 % Pmpp/Pmpp@matched is achieved up to 50% current mismatch and 
Pmpp/Pmpp@matched is above 90 % for more substantial current mismatches at the same ISC@matched.  
• For ISC@matched = 10 mA, still over 90 % of the generated power can be extracted from the 
two-segment MIM LPC for all current mismatch conditions.  
• For ISC@matched = 1 mA, extractable output power with a current balancing circuit active is actually 
lower than for the two-segment MIM LPC without any additional circuit connected to it and 
Pmpp/Pmpp@matched ≈ 40% for such conditions.  
Importantly, for both 10 mA and 100 mA, the performance of the LPC with an active current 
balancing circuit is impaired for small mismatch conditions (⪅ 15%) compared to the same conditions 
without any additional circuit connected to the two-segment MIM LPC. Nevertheless, for ISC@matched = 
10 mA and 100 mA, a substantial increase in the achievable output power is observed for higher 
current mismatches even with an unoptimized active current balancing circuit.  
The reason for the impaired measured performance of the developed current balancing circuit 
compared to the idealized unity efficiency is the result of a parasitic current flow through the MOSFETs 
when the switching occurs. As seen from the Figure 4.31, the parasitic current flow through the 
switches effectively acts as a shunt on the I-V curve and considerably reduces the overall performance 
of an active current balancing approach.  
Figure 4.31 shows I-V and P-V curves for the current matched conditions and the largest studied 
current of 100 mA, obtained with measurements and simulations for a two-segment MIM LPC, 
connected to the current balancing circuit turned on/off and completely disconnected. Since the 
equivalent RSH produced by the parasitic current flow through an active current balancing circuit is 
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more or less constant, the switching shunt losses are the most deteriorating for the lowest studied 
current (overall decreased performance for 1 mA seen in Figure 4.30) and for higher ISC such losses are 
vanishing (increased performance for 100 mA seen in Figure 4.30). Nevertheless, since such a shunting 
is not an inherent characteristic of a current balancing circuit (compare green, blue and orange curves 
in Figure 4.31), a parasitic switching shunt could be possibly minimized or even entirely mitigated by 
further optimization of the current balancing circuit. Therefore, an increased performance for all the 
combinations of ISC@matched and current mismatch can be expected with an active current balancing 
approach.    
 
Figure 4.30: Pmpp/Pmpp@matched shows the performance of two single-segment single-junction serially connected 
GaAs LPCs, acting like a two-segment GaAs MIM LPC, for different conditions (mismatch, current balancing on/off, 
simulated/measured). With an idealized active current balancing approach unity Pmpp/Pmpp@matched is achieved for 
any current mismatch, whereas parasitic losses in the un-optimized developed current balancing circuit reduce 
the performance of such an approach. Nevertheless, for ISC@matched = 10 mA and 100 mA, a substantial increase in 
the achievable output power is observed.   
The inner working of an idealized current balancing circuit, shown in Figure 4.32, reveals the reason 
for the unity efficiency of such an approach. Here, a comparison of simulated performance 
characteristics of individual segments and a complete two-segment LPC with a current balancing 
circuit turned on and off is presented and discussed. When the current balancing circuit is not active 
(red curves top left), the current limiting segment limits the Impp of the other segment and 
consequently also the current of a complete multi-segment LPC. On the other hand, when the circuit 
is turned on, the Impp of the studied multi-segment LPC is constant for all current mismatch conditions 
since the Impp of the current limiting segment decreases for the same amount as the Impp of the high 
current segment increases and consequently, the average Impp of both segments is constant (green 
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curves top left). Similarly, also the Vmpp of both segments and the complete multi-segment LPC stays 
constant for all current mismatch conditions when the current balancing circuit is active (green curves 
top right) and also Pmpp stays constant for all current mismatch conditions. Therefore, Pmpp/Pmpp@matched 
equals unity (as seen in Figure 4.30) for every current mismatch if no additional shunting is induced 
by the current balancing circuit. Interestingly, for the current mismatch 100% and when the circuit is 
turned on, the current limiting segment actually consumes power generated by the other segment. 
An average ISC in such a condition is the same as the ISC in current matched conditions, therefore the 
high current segment must generate ISC = 200 mA. Generally, the conversion efficiency increases with 
an increasing ISC (up to some point) the segment with an ISC = 200 mA generates more power than the 
complete two-segment LPC in a current matched conditions with ISC = 100 mA. Since some of the high 
current segment power is consumed by the segment without any current generation, an average 
power stays constant and Pmpp/Pmpp@matched is unity even for 100% current mismatch.  Lastly, not 
unimportantly, an active current balancing approach also eases the development of a maximum 
power point tracking system since the optimal load (Rload at Pmpp) does not depend on a current 
mismatch when the current balancing circuit is on (green diamonds bottom right). On the contrary, 
Rload at Pmpp is a function of a current mismatch if the active current balancing is not implemented (red 
diamonds bottom right). 
 
 
Figure 4.31: Measured and simulated I-V and P-V curves of two single-segment single-junction serially connected 
LPCs, acting like a two-segment LPC, for current matched conditions ISC@mathed = 100 mA. A parasitic shunting 
caused by current flow through MOSFETs at switching in the developed un-optimized current balancing circuit 
reduces the performance of such an approach (red curves). No such behavior is observed for any other condition, 
implying that with optimization of the circuit the performance of the active current balancing can be further 
improved since such a shunting is not an inherent characteristic of an active current balancing approach. 
The downside of an active current balancing is the fluctuation of the output voltage (right of Figure 
4.33) caused by the switching action and consequently, a switching noise, similar to the switching 
DC/DC voltage converters, is induced at the output. Therefore, a galvanically isolated ripple-free direct 
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DC to DC conversion inherent to the PoF systems the [23] is not achieved anymore. Additionally, due 
to the reactive nature of an active current balancing, full output power will not be achieved 
immediately when the LPC is illuminated (left of Figure 4.33).  
 
 
Figure 4.32: Simulated Impp, Vmpp, Pmpp and Rload at Pmpp as a function of a current mismatch for ISC@mathed = 100 mA. 
When the current balancing circuit is active performance of the complete multi-segment LPC in independent of 
the current mismatch (green curves), whereas when the circuit is turned off, the performance is limited by the 
current limiting segment (red curves). Symbols mark simulated data points, whereas lines serve as a visual 
guideline. 
 
Figure 4.33: Left: A transient nature of output voltage (Vout) and current (Iout) at the maximum power point ,for a 
25% current mismatch and various ISC@mathed, is observed when the current balancing circuit is turned on. Note 
that with a decreasing photo induced current the time until the full power is available at the output increases. 
Right: Zoom in on a simulated output voltage (Vout) and the current flowing through an inductor (Iinductor) for various 
current mismatch conditions and ISC@mathed = 100 mA. A voltage fluctuation at the output increases with an 
increasing current mismatch. Interestingly a current fluctuation through the inductor remains constant with an 
increasing current mismatch, whereas average inductor current equals the difference between ISC of both 
segments.   
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Furthermore, an additional drawback not discussed and studied in the scope of this thesis is the 
power consumption of a current balancing circuit itself and moreover, a power consumption of the 
controlling circuit for the current balancing circuit. Still, an active current balancing is a viable approach 
to mitigate the performance losses arising under current mismatch conditions of any LPC employing 
a series connection of multiple pn-junctions. Theoretically, all the available power can be extracted 
from all the segments with the benefits of high-voltage LPCs are maintained. In practice, parasitic 
losses induced by the current balancing circuit limits the range of usability and the circuit should be 
strictly fine-tuned for each particular case separately to achieve the desired performance boost. 
4.3 Conclusions 
In this chapter, previously unpublished findings obtained during my Ph.D. education were presented 
and discussed in details. The discrepancy between the theoretical and real-world performance of LPCs, 
especially multi-segment GaAs ones, were studied by exploring the deteriorating electrical loss 
mechanisms in manufactured devices. Later, the supporting electronic circuits for the LPCs in PoF 
systems were presented and studied. 
 
Electrical loss mechanisms in MIM LPCs were first systematically structured and the efficiency 
curves as a function of the irradiance of the six-segment MIM LPC revealed that individual loss 
mechanisms deteriorate the device performance at different irradiances. Detailed analyses enabled 
us to find mitigation strategies for the most deteriorating electrical loss mechanisms to increase the 
MIM LPC’s performance from the current η ≈ 50 % to η ≈ 60 %. 
• As discovered during my PhD work, the photo-induced conductivity of the semi-isolating substrate 
results in a leakage current flowing through the substrate between adjacent segments. This sole 
shunting loss mechanism presented in the high-quality GaAs MIM LPCs was experimentally 
confirmed with a variety of advanced characterization methods, including direct and indirect 
measurement of the substrate resistivity and the leakage current, LBIC phase, etc. Further, it was 
showed that the reciprocal relationship between the substrate resistivity and irradiance leads to 
a reduced performance of GaAs MIM LPCs equally for all irradiances.   
• A series resistance related Joule heating, consisting of many components, determines the 
performance of MIM LPC at high irradiances. Results obtained with advanced experimental 
procedures revealed an influence of a finger grid design, size, etc. and showed a correlation 
between the current density (rather than an absolute value of the current) and series resistance 
losses. Consequently, to increase the performance of MIM LPCs for given power demand, size of 
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a LPC should be increased to decrease a photo induced current density. Also, such a correlation 
implies that increasing the number of segments and decreasing the absolute value of the current 
cannot result in a performance boost. Further, with the developed distributed model, a relative 
contribution of an individual series resistance loss mechanism to overall series resistance losses 
was studied to reveal the most deteriorating one. Overall, for MIM LPCs incorporating a dense 
finger grid to mitigate the losses in the top layers, the significance of Joule heating regions was 
found to be in the following order: 
o base plus the lateral conduction layer – rLCL || BASE 
o window plus emitter layer – rWINDOW || EMITTER 
o the contact resistance between front metallization and semiconductor – rCONTACT 
o epitaxial layers for a vertical current flow through the active PV layers – rVERTICAL. 
• The analysis of recombination losses revealed that a high perimeter to area P/A ratio of a small 
area multi-segment MIM LPCs result in pronounced perimeter recombination and as such, crystal 
edges present the most deteriorating recombination region. With an increasing number of 
segments, also the P/A ratio increases and consequently perimeter recombination are the most 
damaging for MIM LPCs with a large number of segments. Such a recombination mechanism 
reduces the MIM LPCs’ performance, especially at low irradiances, where the efficiency is not yet 
limited by series resistive losses. Nevertheless, the perimeter recombination also reduce the 
efficiency up to “very high” irradiances, until perimeter recombination centers get saturated and 
the neutral region of the bulk crystal becomes the major recombination loss center. 
The analysis of electrical loss mechanisms resulted in prepositions for improvement of MIM LPCs. 
Perimeters passivated with a chemical treatment would decrease perimeter recombination and 
consequently increase low irradiance performance. A thicker semiconductor lateral conduction layer 
would majorly decrease series resistance losses. The induction of leakage current through a substrate 
could be mitigated by inclusion of absorptive or reflective films on isolation trenches or its flow 
between adjacent segments could be prevented by inclusion of blocking diodes in the epitaxial stack. 
This minor changes would increase a peak efficiency of the six-segment MIM LPC from 52% to 57%, 
but still, the problem of resistive losses at high irradiance remains, therefore, the novel concept of 
MIM LPC was proposed. A thin film inverted device with a metal lateral conduction layer and a 
reflective back mirror, using the same geometry as the current six-segment device, would achieve 
efficiency over 60% for a broad range of an irradiance (5-85 W/cm2), with the peak efficiency 
approaching 62 % at G = 31 W/cm2. As such, MIM LPCs would offer a similar nominal performance as 
other two LPC concepts. 
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The chapter continued with an analysis of current mismatch losses, arising due to an imbalance of 
the Iph among segments. Such conditions can occur either due to spatially inhomogeneous absorptivity 
or unequal illumination of segments. LBIC spatial maps revealed homogeneous absorptivity, 
therefore, current mismatch can be contributed solely to unequal illumination of the segments, 
possibly due to off-center illumination of the LPC. Such misalignments were studied with an 
experimentally validated model, for a radial MIM LPCs illuminated with a radially symmetrical 
Gaussian beam. It was found that a current mismatch due to misalignment of the LPC and the beam 
is a severe problem and precise packaging of MIM LPCs into receptacles of optical fibers must be 
achieved to realize good performance of PoF systems.  
 
In the second part of the chapter, supporting electronics for LPCs in PoF systems were studied. 
First, best in class DC/DC upconverters were analyzed to explore if the PoF system efficiency actually 
benefits from the use of multi-segment high voltage LPCs. It was found that a current generation, best 
in class DC/DC upconverters exhibit high peak conversion efficiency ηDC/DC > 85%, even for low input 
voltages (≈1.1 V) produced by the simplest GaAs LPCs employing only single pn-junction, whereas for 
the two-segment GaAs LPC (≈2.2 V) peak ηDC/DC rises to almost 95 %. In the case of a single-segment 
LPC, relatively high peak ηDC/DC is steeply reduced with an increasing demand for power since in such 
cases the dominant power loss mechanism in the DC/DC upconverter is in quadratic relation with the 
current flowing through it. Consequently, for high power demands (⪆ 0.5-1 W) PoF system efficiency 
benefits from the use of multi-segment high voltage, low current LPCs. 
Finally, to mitigate the influence of a current mismatch on the performance of multi-segment LPCs, 
an active current balancing circuit was proposed, implemented and evaluated. It was found that an 
idealized active current balancing circuit provides a unity Pmpp/Pmpp@matched for all current mismatch 
conditions. Unfortunately, in practice, parasitic losses induced by the developed unoptimized current 
balancing circuit limits benefits of such an approach to high photo induced currents (> 10 mA) and 
high current mismatches (> 15%). Nevertheless, since the parasitic loss mechanisms of the developed 
current balancing circuit is not an inherent characteristic of an active current balancing approach, this 
parasitic switching leakage current could possibly be minimized or even entirely mitigated by further 
optimization of the current balancing circuit. Overall, an active current balancing is a viable approach 
to mitigate the performance losses of multi-segment LPCs arising under current mismatch conditions. 
Theoretically, all the available power can be extracted from all the segments, while the benefits of 
high-voltage LPCs are maintained. 
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5. Synopsis and outlook 
5.1 Synopsis of the thesis 
The first chapter of the thesis introduced the field of an energy transmission with laser light and the 
brief history survey of the field showed that a research on such an idea started roughly five decades 
ago. Nowadays, such systems exhibit somewhere between 10 % and 30 % DC-to-DC transmission 
efficiency, where laser light is converted to electricity with roughly 40% to 60% conversion efficiency.  
Such high light-to-electricity conversion efficiency is achieved with a photovoltaic devices called 
laser power converters LPCs. This specialized optoelectronic devices were described and discussed in 
detail in Chapter 2. In the begging of the chapter, comparison between a theoretical Shockley–
Queisser conversion efficiency limit and real-world peak efficiencies of state of art LPCs reveal a lot of 
room for improvement. The chapter continues with a focus on real-world laser power converters that 
were grouped into three different concepts from a cross-sectional point of view. After an overview of 
possible semiconductor materials used to make LPCs, manufacturing and post processing procedures 
are explained for every presented LPC concept separately. Before the chapter concludes, a systematic 
comparison of three different classes of LPCs among each other reveals an influence of various 
operating conditions.  
Methodological procedures were developed and applied to study the performance of laser power 
converters and most importantly, to find the reasons for the discrepancy between the theoretical and 
practical conversion efficiency limits. The methodology, presented and discussed in the Chapter 3, 
covers both experimental and modeling/simulation techniques, extending from rudimentary to 
advanced characterization concepts. Additionally, a methodology used to characterize supporting 
electronics of Power-over-Fiber systems is examined and explained.  
Methodological concepts were applied to determine loss mechanisms impairing the performance 
of LPCs and PoF systems and in Chapter 4, previously unpublished results of such an analysis are 
revealed. First, electrical loss mechanisms presented in the multi-segment LPCs were divided into the 
recombination, shunting, series resistance and current mismatch loss components. Later, every loss 
mechanism was studied separately and its influence on a MIM LPC performance was discussed in 
details. Supporting electronics for LPCs in PoF systems were assessed in the second part of the chapter, 
with the focus of on the evaluation of the needed DC/DC upconverters and an active current balancing 
approach for a mitigation of current mismatch losses. The road-map for a next generation high 
efficiency multi-segment laser power converters, mitigating currently presented major electrical loss 
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mechanisms, was developed based on the results presented in this thesis. Also, novel concept of a 
thin film multi-segment LPCs, grown in a superstrat configuration, employing a metallized lateral 
conduction layer, was devised. 
In the following last words of the thesis, I try to answer why the energy transmission using light 
from artificial light sources is still widely unknown technology. This outlook reveals obstacles that 
prevent the widespread of the energy transmission with a laser light.  
5.2 Outlook 
This thesis demonstrated that energy transmission with laser light is an uncommon but viable and 
reasonably efficient solution for powering a variety of electronic devices in environments where 
galvanic isolation of a power source and powered device is required. Therefore, it is a bit surprising 
that such a solution is generally unknown, which holds true even for the closely connected fields of 
photovoltaics and electrical engineering. This chapter addresses and discusses possible reasons for 
the apparent status quo in the field of optical power transmission and an outlook on the future of the 
energy transmission with laser light is provided.  
The introduction of the thesis showed that the idea of energy transmission with artificial light 
sources dates back to the late 1970s when it already provided a feasible solution for powering 
electronic devices in niche applications. Although the relatively low interest in the field did not fast-
track the development and optimization of laser power converters, the initial concept was refined and 
optimized in the past decades. Consequently, many concepts of photovoltaic laser power converters 
were devised and manufactured and in the recent years and the best ones at the cutting edge started 
to approach the theoretical conversion efficiency limit. The achieved efficiency levels are sufficient to 
allow for a widespread of the technology, yet the technology remains widely unknown, with only a 
handful of major organizations around the world consistently working in the field as seen in Figure 
5.1. 
Commercial availability and marketing of LPCs and PoF systems 
The lack of R&D and marketing from a large company is in my view the main reason for restricted 
visibility of the PoF systems and laser power converters technology. For the past five years working in 
the field, I talked with many scientists and engineers and while they did not struggle to understand 
the concept, nobody knew about a technical solution in the market. The majority of the work on 
marketing of the before mentioned solutions was done by Dr. Jan-Gustav Werthen, former project 
leader at Varian Associates (pioneers in the field of LPCs [163]) and later a founder of the Photonic 
Power Systems Inc. (PPS) - the first company to strictly focus on the production of laser power 
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converters and PoF systems. As of 2005, when the PPS was sold to JDSU (now Lumentum), there were 
only 10 000 LPCs sold, as revealed by Dr. Werthen in IEEE Spectrum [164]. In the same article, Dr. 
Werthen said that PPS held key patents for the laser power converters and also had no real 
competition. Furthermore, he speculates that “lacking the backing of a big company, aircraft makers and 
other potential customers have been hesitant to design power over optical fiber into their system”. While 
it is true that for a long time there was no company focusing solely on the laser power converters and PoF 
systems, it is untrue that there was no alternative source of LPCs. Organizations such as Spectrolab [165], 
Azure space [166], Fraunhofer ISE [167] and possibly some others have been offering their LPCs for a long 
time. In the recent years, there was a renewed interest in the technology and few more companies are 
now offering their solutions. MHGopower [168] is producing silicon LPCs based on a vertical multi-junction 
(VMJ) technology, Kyosemi is selling long wavelength InGaAs LPCs [169] and Azastra Opto has refined 
multi-junction GaAs LPCs [170]. Most importantly, in the 2018 Azastra Opto and L2W (former PPS) 
have been acquired by Broadcom Ltd. [171], so for the first time LPCs can be easily bought as 
off-the-shelf products by anyone [172] and the technology gained recognition and backing of a major 
semiconductor company.  Recently also Tektronix started to use PoF system to power one of their 
oscilloscope probes [173] and consequently, the first off-the-shelf commercially available product 
utilizing PoF became available.   
 
 
Figure 5.1: Major organizations working in the field of energy transmission with laser light as of early 2016. Source 
[8]. 
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Price and economy of scale 
Despite the renewed interest (both academic and commercial) in the LPCs and PoF systems, the 
production costs of LPCs remain prohibitively expensive to allow for the mass adoption of the 
technology. Broadcom is selling their multi-junction <1W GaAs LPCs, packaged into the receptacle, for 
400$ apiece and PPS/JDSU/Lumentum was selling their multi-segment GaAs LPCs for roughly the 
same price [3]. MHGopower offers their Si VMJ LPCs providing <0.5 W it the same price range, whereas 
their “high” power solution offering 2 W electrical power output sells for 2000$. The only 
off-the-shelf available long wavelength (1300-1600 nm) InGaAs LPCs offering only 60 mW electrical 
power are priced at 800 $ apiece. A combined price of rest of components of a complete PoF system, 
including laser, optical fiber, various connectors etc. is roughly double the price of the LPC itself. This 
makes the end price of under-one-watt solutions close to 1000$, which profoundly limits the general 
adoption of PoF systems.  
Businesses should achieve the economy of scale to reduce the price, which would bring the cost of 
components down to more economically viable levels. The close resemblance of the manufacturing 
and market potential of “large area” III-V diodes and LPCs makes it possible to predict the price of LPCs 
if the economy of scale would be established. Currently, the prices of Hamamatsu’s bare-die InGaAs 
1 mm diameter photodiode is roughly 30 $ while similar components packaged in the receptacle are 
up to 50 $. Consequently, if the economy of scale is achieved, “high” power (0.5 W - 1 W) LPCs would 
cost a fraction of the current price.  
To further reduce the price of PoF systems and to push for a mass production, task-specific 
solutions should be established. The current paradigm is to offer one size and corresponding 
maximum generated power of LPCs for all needs with the idea behind such a solution to cover power 
needs from µW up to W. But, with recent advancements of low power electronics in the µW to low 
mW range, there is often no need for higher power levels. For such low powers, few hundredth mm2 
LPCs would be sufficient [174] and ten to hundredth thousands of such devices could be manufactured 
on the same wafer, reducing the unit price tremendously (possibly down to low power LED levels). 
Such small LPCs could be directly butt-coupled to the optical fibers, with the other end coupled to low 
power, low cost laser, with the whole system hermetically sealed. By achieving an economy of scale, 
we should expect the production costs of such PoF systems to decrease to a few dollars, for the few 
mW of delivered power. Furthermore, this would increase the interest and demand for higher power 
systems employing “large” area LPCs which could further increase the demand for such devices, 
additionally lowering the prices and allowing the use of PoF systems in lower cost applications.  
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Efficiency 
The economy of scale would reduce the prices of PoF systems delivering up to a few watts of electrical 
power, enabling them to be utilized in a broader range of price-sensitive products. To further broaden 
the range of possible applications, the achievable output powers of LPCs should be increased to at 
least tens if not hundredths or even thousands of watts. With the current concepts of LPCs, such 
power levels are only achievable by increasing the size of the LPCs, which tremendously increases the 
unit price, considering that only low number of large area LPCs can be manufactured on a single wafer. 
Here, even the economy of scale cannot lead to a massive price reduction, since manufacturing and 
processing of large area III-V devices is inherently expensive. Therefore, a new concept of LPCs 
approaching unity conversion efficiency is needed for high power applications. The natural behavior 
of photovoltaic devices resulting in a diode current-voltage behavior with its non-unity fill factor will 
always limit the conversion efficiency of PV LPCs, that is reality additionally reduced by parasitic losses. 
The solution to this problem might be exploiting the wave nature of the light by utilizing optical 
rectifying antennas (optical rectennas [51,175]) as LPCs. Such optoelectronic devices were predicted 
a long time ago but became manufacturable only recently with the advancement of precise 
manufacturing on the nanometer scale. The use of rectennas for wireless power transmission has 
been successfully demonstrated in the 2.5 GHz microwave range, for the power levels up to 35 kW, 
with the peak 91.4% conversion efficiency of rectennas, and the peak DC-to-DC transmission efficiency 
of 54% for the electrical output power of 500W [176]. Such figures are unheard of in the field of 
photovoltaics, even for LPCs under monochromatic illumination and if such achievements could be 
accomplished in the optical wavelength range, the scope of usefulness of PoF and similar systems 
would be significantly extended. To produce optical rectennas with similar efficiencies to the 
microwave rectennas, a variety of currently presented scientific and manufacturing obstacles need to 
be addressed and resolved. On the other hand, such an approach would revitalize scientific field of 
the laser power converters, which is, with the exception of Université de Sherbrooke/Azastra’s 
multi-junction (VEHSA) approach [17,93], stagnating for quite some time. Additionally, the use of 
optical rectennas in PoF and similar systems could give a boost to the development of optical 
rectennas which would arguably be too complex and expensive for the use in large-scale solar power 
plants.  
Inherent risks of high intensity laser light 
High intensity electromagnetic radiation of a light emitted from a laser limits the scope of adoption of 
PoF and similar systems. Electromagnetic radiation in the light spectrum is efficiently radiated into the 
free air or other non-conductive media which presents hazards for living beings and poses fire and 
explosion risks. The inherent high intensity of coherent laser light causes a localized increase of the 
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temperature of the media absorbing the laser light. This is especially threatening to the biological 
tissues which are easily permanently damaged by relatively low-temperature rises. In the wavelength 
range used in PoF systems, eyes are especially susceptible to the injuries caused by the laser light, 
since the eye lens focuses coherent light laser light beam directly on a retina. The only lasers to be 
considered safe under all conditions are so-called Class 1 lasers, with the irradiance limited to 
approximately 1 mW/cm2 and with the total emitted laser power limited to 0.39 mW.  This low 
damage threshold severely limits the use of energy transmission with laser light, especially when the 
air is used as a transmission medium. Even the lasers with wavelengths around 1500 nm (for which 
the tissue damage threshold is much higher than for the visible wavelength range) are not “eye-safe”, 
as some of the organizations in the field are mistakenly proclaiming [79,177], but are rather 
“eye-safer”, as pointed out in the US Navy patent on the topic of “laser remote powering” [80]. The 
problem of safety in free air transmission of the laser light to power electronic devices is further 
explained in the patent of Israeli company Wi-charge Ltd. [178] – a company which is trying to develop 
and promote a safe wireless charging of consumer electronics since 2012. Even the clever wording of 
their patent cannot hide the fact that it is virtually impossible to build such systems “for transmitting 
significant power levels in a residential environment accessible to untrained people” [178]. Even PoF 
systems, where high intensity light is contained in the optical fiber, are dangerous if a catastrophic 
failure of the system occurs and the light is emitted into surrounding media. It seems that easy 
propagation of laser light through the air will limit the practical applications and the commercial 
outreach of such systems to the areas with restricted access to the equipment.  
Conclusions  
With the backing of a large company such as Broadcom, it is probable that after four decades PoF and 
similar systems will finally lose their current status of emerging technology and be recognized as a 
viable engineering solution. At first, only niche applications where the performance and not the price 
is the primary concern will benefit from such solutions. When the technology gets broader recognition 
in the engineering field, the economy of scale can be achieved, allowing lower prices of PoF systems 
and making possible for the price sensitive applications to adopt such powering. However, 
unfortunately, inherent propagation of the laser light through air and the related risks will always limit 
the potential of such solutions to be applied widely. For that reason, I assess it is improbable that 
energy transmission with laser light will be adopted by the mass consumer market applications.   
 5. Synopsis and outlook |98 
 
5.3 List of publications 
Journal publications 
Results obtained during my PhD training were published in four original scientific papers published in 
international journals with an impact factor (JCR IF): 
• KIMOVEC, Rok, HELMERS, Henning, BETT, Andreas W., TOPIČ, Marko. Temperature and injection 
current dependent electroluminescence for evaluation of single-junction single-segment GaAs 
laser power converter. Informacije MIDEM - Journal of Microelectronics, Electronic Components 
and Materials, Sep. 2016, vol. 3, pp. 142-148 [110] 
• KIMOVEC, Rok, HELMERS, Henning, BETT, Andreas W., TOPIČ, Marko. On the influence of the 
photo-induced leakage current in monolithically interconnected modules. IEEE journal of 
photovoltaics, Mar. 2018, vol. 8, no. 2, pp. 541-546 [59] 
KIMOVEC, Rok, HELMERS, Henning, BETT, Andreas W., TOPIČ, Marko. Power loss mechanisms in 
small area monolithic-interconnected photovoltaic modules. Opto-electronics review, May 2018, 
vol. 26, no. 2, pp. 158-164 [56] 
• KIMOVEC, Rok, HELMERS, Henning, BETT, Andreas W., TOPIČ, Marko. Comprehensive Electrical 
Loss Analysis of Monolithic Interconnected Multi-Segment Laser Power Converters. Progress in 
Photovoltaics: Research and Applications, 2018, pp. 1-11 [57] 
 
 
 
Additionally, some of the contributions were published in peer-reviewed journals without an impact 
factor and in conference proceedings: 
• KIMOVEC, Rok, TOPIČ, Marko. Comparison of measured performance and theoretical limits of 
GaAs laser power converters under monochromatic light. Facta Universitatis. Series Electronics 
and energetics, Mar. 2017, vol. 30, no. 1, pp. 93-106 [54] 
• KIMOVEC, Rok, JANKOVEC, Marko, TOPIČ, Marko. Wireless powering of electronic devices over 
optical fiber. In proceedings of 50th International Conference on Microelectronics, Devices and 
Materials - MIDEM, October 8 - 10, 2014, Ljubljana, Slovenia. [145] 
• KIMOVEC, Rok, JANKOVEC, Marko, TOPIČ, Marko. Prenos električne energije preko optičnega 
vlakna. In proceedings of: Optical communications. Ljubljana, Založba FE, 2015. [146] 
• KIMOVEC, Rok, TOPIČ, Marko. Calculation of Shockley-Queisser limit of GaAs solar cell under 
monochromatic illumination. In proceedings of 51th International Conference on Microelectronics, 
Devices and Materials - MIDEM, September 23 – 25, 2015, Bled, Slovenia. [144] 
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• KIMOVEC, Rok, HELMERS, Henning, BETT, Andreas W., TOPIČ, Marko. Influence of injection 
current and temperature on electroluminescence of GaAs laser power converters. In Book of 
abstracts of 3rd Euroregional Workshop on Photovoltaics & Nanophotonics - Euroreg-PV 2016, 
September 21 – 23, 2016, Ljubljana, Slovenia. [147] 
• KIMOVEC, Rok, HELMERS, Henning, BETT, Andreas W., TOPIČ, Marko. Spatial and spectral 
electroluminescence for single-junction single-segment GaAs laser power converter 
characterization. In proceedings of 52nd International Conference on Microelectronics, Devices 
and Materials - MIDEM, September 28 - 30 2016, Ankaran, Slovenia. [148] 
• KIMOVEC, Rok, HELMERS, Henning, BETT, Andreas W., TOPIČ, Marko. Multi-segment photovoltaic 
laser power converters and their electrical losses. In Proceedings of 33rd European Photovoltaic 
Solar Energy Conference and Exhibition EU PVSEC 2017, Amsterdam, The Netherlands, September 
25-29, 2017. [58] 
• KIMOVEC, Rok, HELMERS, Henning, BETT, Andreas W., TOPIČ, Marko. Power loss mechanisms in 
monolithic-interconnected six-segment laser power converter. In Proceedings of 53rd 
International Conference on Microelectronics, Devices and Materials – MIDEM, October 4 - 6, 
2017, Ljubljana, Slovenia. [149] 
Conference presentations 
Results of the dissertation were presented at nation and international conferences: 
• European Photovoltaic Solar Energy Conference – EU-PVSEC 
o 2017: Multi-segment photovoltaic laser power converters and their electrical losses – 
Student award winner in the area of “Fundamental studies” [58] 
• Euroregional Workshop on Photovoltaics & Nanophotonics - Euroreg-PV 
o 2016: Influence of injection current and temperature on electroluminescence of GaAs 
laser power converters [147] 
• International Conference on Microelectronics, Devices and Materials – MIDEM 
o 2014: Wireless powering of electronic devices over optical fiber [145] 
o 2015: Calculation of Shockley-Queisser limit of GaAs solar cell under monochromatic 
illumination [144] 
o 2016: Spatial and spectral electroluminescence for single-junction single-segment 
GaAs laser power converter characterization [147] 
o 2017: Power loss mechanisms in monolithic-interconnected six-segment laser power 
converter [149] 
• Seminar on optical communications – SOK 
o Prenos električne energije preko optičnega vlakna. [146] 
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5.4 Original scientific contributions 
The summarized original scientific contributions of the dissertation are: 
• Design and development of a laser camera-based beam profiler in transmission employing 
projection screen including calibration procedures. 
• Detailed loss analysis of multi-segment GaAs laser power converters under different operating 
conditions using advanced experimental and simulation characterization methods and tools. 
• Discovery and assessment of a photo-induced leakage current through a semi-insulating GaAs 
substrate in multi-segment GaAs laser power converters, presenting a major shunting mechanism 
in such devices.  
• Proposal, development and assessment of an active current balancing technique to mitigate 
current mismatch losses in multi-segment or multi-junction laser power converters. 
• Formation of a road-map of a next generation high efficiency multi-segment laser power 
converters, mitigating currently presented major electrical loss mechanisms. Furthermore, 
conceptual preposition of a novel thin film multi-segment LPCs, grown in a superstrat 
configuration, employing a metallized lateral conduction layer.  
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